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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of the
Pennsylvania State University over the first year of a new ONR sponsored University
Research Initiative (URI) entitled “Materials for Adaptive Structural Acoustic Control.” For
this report the activities have been grouped under the following topic headings:

1. General Sununary Papers.
Materials Studies.
Composite Sensors.
Actuator Studies.

Integratics Issucs.

S

Processing Studies.
7. Thin Film Ferroelectrics.

In material studies important advances have been made in the understanding of the
evaluation of relaxor behavior in the PLZT’s and of the order disorder behavior in lead
scandium tantalate:lead titanate solid solutions and of the Morphotropic Phase Boundary in this
system. For both composite sensors and actuators we have continued to explore and exploit
the remarkable versatility of the flextensional moonie type structure. Finite eletnent (FEA)
calculations have given a clear picture of the lower order resonant modes and permitted the
evaluation of various end cap metals, cap geometries and load conditions. In actuator studies
multilayer structures have been combined with flextensional moonie endcaps to yield high
displacement (50 p meter) compact structures. Electrically controlled shape memory has been
demonstrated in lead zirconate stannate titanate compositions, and used for controlling a simple
latching relay.  Detailed study of fatigue in polarization switching compositions has
highlighted the important roles of electrodes, grain size, pore structures and microcracking and
demonstrated approaches to controlling these problems. For practical multilayer actuators a
useful lifetime prediction can be made from acoustic emission analysis.

New modelling of 2:2 and 1:3 type piezoceramic:polymer composites has given more
exact solutions for the stress distribution and good agreement with uliradilatometer
measurements of local defonmations. Composites with 1:3 connectivity using thin wall ceramic
tubes appear to offer excellent hydrostatic sensitivity, unusual versatility for property control
and the possiblity to use ficld biased electrostrictors in high sensitivity configurations.
Processing approaches have continued to use reactive calcining and have supplied the group
with the wide range of ceramics uscd in these studies. For lead magnesium niobate:lead




ABSTRACT (continued)

titanate solid solutions grain size effects in samples of commerical purity have been traced 1o a
thin (~20 n meter) glassy layer at the grain boundary. In parallel with the ONR URI the
laboratory has extensive DARPA and Industry sponsored research on ferroelectric thin films, a
very short selection of most rclevant papers has been included for the convenience of users.
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Processing of Ferroelectric and Related Materials:
A Review

Thomas R. Shrout' and Scou L. Swartz*

*Materials Research Laboratory
The Pennsylvania State University
University Park. PA 16802
*Battelle Memonal Insttute
Columbus, OH 43201

ABSTRACT

The objective of this article is to present a synopsis of
recent, ongoing, and future evolutionary developments penaining
to the fabricatior./processing of ferroelectric materials, with an
emphasis on polycrystalline ceramics. The basis for the review
was derived from relevant literature over the last dozen years,
including the responses from a worldwide questionnaire. This
survey addressed issues such as chemical synthesis methods vs.
conventional processes and anticipated future developments in
processing and their impact on new applications, if any. The
survey participants were scientists and engineers. both academic
and industrial, involved in research and cevelopmeat of
ferroelectrics and related materials. The primary conclusion of this
survey revealed that evolutionary advancements in the processing
of ferroelectric ceramics will continue to impact commercial
production over the next ten years.

1. INTRODUCTION

Ferroelectric and related materials continue to be exploited
for numerous applications, including recent concepts of “smart” or
intelligent systerms, whereby multifunctional components are
required.(1-4) In recent years, substantial research and
development has been devoted to ferroelectric materials in the form
of single crystals, polymers, composites, and especially, thin
films. References are provided for these important topics, but the
primary focus of this paper pertains to polycrystalline materials.
The most widely vsed and researched ferroelectric structural types,
compositions, applications, and their state of development are
presented in Table 1. Although the materials and ceramic
fabrication methods for the ferroelectric materials described had
their origin decades ago, this paper attempts to review
evolutionary advances in the processing and fabrication of
ferroelectric ceramics. The data presented is based on the
compilation of responses to a questionnaire from more than 100
international scientists and engineers, of both academic and
industrial backgrounds. In addition, recent processing
devclopments and novel fabrication schemes, their future impact
on new applications, if any, are discussed.

I1. MATERIALS AND APPLICATIONS

As presented in Table I, the most widely used ferToelectrics
are found in the perovskite family general forrmula ABO3, which
includes hundreds of compositional modifications (e.g., solid
solution substitutions and/or dopants). In addition to ceramic
matenals, ferroelectric polymers, including PVF; and other co-
polymers, are well established in the market place. Perhaps the
most significant development comes not from monolithic materials
but in the tailoring of physical properties using the nature of
composites. Through the concept of phase connectivity(3-7),
properties can be engineered to give orders of magnitude
performance enhancement. Specifically, piezoelectric composites
are finding increasing use in applications such as ultrasonic
transducers for bio-medical imaging(8-9) and towed-array
hydrophones.(10)

The ability ;0 fabricatc known ferroelectric materials in thin-
film form offers applications such as non-volatile memories and
DRAMs, both soon to be commercial realides. Furthermore, thin-
film offers the potential of engineered crystallographic technology,
thus allowing the exploitation of non-centrosymmetric materials
such as ZnO and AIN, which in polvcrystalline form cannot be
made piezoelectrically active.(!1.12)

Overall, however, in the field of ferroelectric polycrystalline
ceramice, No pew matgrials are foreseen that will provide
revolutionary impact to new applications. Instead,
evolutionary advances in the processing of ferroelectric ceramics
will lead to tmprovements tn existing commercial applicatons and
to a gradual implementation of existing materials in new
applications. For example, although ceramic materials such as
relaxor ferroelectrics have been known for some forty years,
progress in their commercialization for MLC capacitors and
actuators has resulted from recent enhancements in their
processing and fabrication.{13-16]

III. FABRICATION/PROCESSING OF
FERROELECTRIC CERAMICS

Fabrication technologies for all electronic ceramic materials
have the same basic process steps as presented in Figure 1,
regardless of the application: powder preparation, powder
processing, green forming, and densification.

A.  Powder Preparagion

The goal in the preparation of ferroelectric powders is 10
achicve a ceramic powder which, after consolidation, yields a
product satisfying specified performance standards. A secondary
goal is to produce a powder that can be consolidated/densified at
lower temperatures. The most important commercialized powder

preparation methods for ferroelectric ceramics include:
mixing/calcination, coprecipitation from solvents, metal organic
decomposition and ing. The zend in powder
preparation is towards powders having particle sizes less than 1
um and litle or no agglomerates for enhanced reactivity and
uniformity. Such powder qualities allow for the development of
fine-grained microstructures with enhanced mechanical and
electrical properties. Most imporantiy, fine partculates are critical
for the continuing miniatunzation of electro-ceramic devices.
Examples of the four basic methods are presented in Table 2 for
the preparation of BaTiOy powder. References relevant to
processing advancements, particularly in regard to multilayer
capacitor applications, including review articles(18.43) are given at
the end of this paper.

Specific examples of significant developments in
mixing/calcination processes are given for the PbO-based relaxor-
based materials Pb(Mg/3Nb2/3)O3 [PMN] in Table 3. The
primary limitation for the development of ferroelectric relaxors has
been in the consistent synthesis of phase-pure perovskite powders
and ceramics. However, this problem has been successfully
addressed through an improved understanding of the surface
propertics of the constituent oxides, crystal chemistry of PMN,
and overall kinetics of the synthesis reaction. Specifically, the "B-
site precursor method, whereby the B-site oxides are prereacted to
form a columbite phase, allows enhanced dispersion and favors
formation of the perovskite phase in contras: to lead-niobate
pyrochlores.

Note, many of the advances in mixing’calcination have
come through the better understanding of process-structure-
property relationships. For example, knowledge of the underlying
physiochemical behavior of Pb-based perovskites, also including
pyrochlotes and Bi-layer structures, allows for controlied
morphological developments during calcination or “soft
agglomeration,” whereupon high reactive materials can be readily
prepared.




(on is a chemical method whereby insoluble
compounds (e.g., hydroxides or oxalates, eic.) are precipitated
from a solution of metal salis (e.g., chlorides), and the precipitated
product is calcined to form the desired oxide powder. The
advantage of this technique over calcination of mixed oxides is that
intimate mixing of the precursors (in the solution phase) leads to
lower caicination temperatures and the preparation of high-punty
and fine-particle-size powders, see Table 3. Limitations are that
the calcination step may once again result in agglomeration of fine
particulates and the need for milling. An additonal problem is that
contaminants from the coprecipitation process (e.g., chlonides,
carbonates, etc.) may linger in the powder after calcination. For
example, commercially available, high-purity BaTiO3 powder
prepared by the well-known oxalate process. whereby a Ba-Ti
chloride solution is precipitated by oxalic acid and the resulting
precipitate is calcined. However, the sintering performance of
these high-purity BaTiO3 powders is hindered by the presence of
BaCO;3. which is formed during calcination.

Metal organic decomposition (MOD), often referred to as
sol-gel processing, in which metal-containing organic chemicals
(e.g. alkoxides) react with water in a non-aqueous solvent to
produce a metal hydroxide or hydrous oxide, or in special cases,
an anhydrous metal oxide. Powders typically require calcination
to obtain the desired phase. A major advantage of the MQD
method is the control over purity and stoichiometry that can be
achieved with powder crystallite size on the order of 5-50 nm.
However, powder processing methods for nano-sized particulates
have not been developed to take full advantage of such fine
powders.

The advantage of this technique over mixing/calcination is
exemplified by multilayer capacitors fabricated using alkoxide-
derived relaxor based dielectrics. Capacitors produced with this
powder have lower sintering temperatures and submicron grain
sizes, thus allowing thinner layers and enhanced dielectric
breakdown strength. Such benefits, however, are contrasted by
expensive chemicals and processing methods.

Hydrowhermal synifigsize uses hot (above 100°C) water
under pressure to produce crystalline oxides®2) and s widely used
in the formation of Al;03 (Bayer Process). The major advantage
of the hydrothermal technique is that crystalline powders of the
desired stoichiometry and phases can be prepared at temperatures
significantly below those required for calcinanon. Another
advantage 1s that the solution phase can be used to keep the
particles separated and thus minimize agglomeration. The major
limitation of hydrothermal processing is the need for the
feedstocks to react in a closed system to maintain pressure and
prevent boiling of the solution. currently, Sakai Chemical and
Cabot Corporation offer commercially avaiiable BaTiO3-based
powders, with PZT matenals from Morgan Mauoc in the late
stages of development.

Laboratory research has shown the considerable benefits of
hydrothermally-synthesized powders, ¢.g. Ba:Ti homogeneity,
lower sintering temperatures, etc. However, these powders
perform dramatically differenty in post processing and sintenng
behavior requiring further developments for successful
commercialization. As an example of their unigue t=havior, the
intrinsic nature of OH-bonding in hydrothermally denved BaTiOs

powders is thought to greatly influence densification(63),
particularly when accompanied by a Bi;O3-based flux, whereby

densification could be achieved at temperatures less than

300°C.64)
Hybrid Synthesi

A wide spectrum of ferroelectric
be produced by the h
synthesis and convent
example, promising resu
derived from powders prepar
of a mixture of PbO and a hydrothermal zirconium titanate
precursor.(60.65) The use of chemical synthesis methods 10

Table 1. Ferroelectric Materials and Applications(17-23)

Structural Family Composition Application Development Stage
Perovskite BaTiO3 Capacitors Commerciaiized
(Ba.Sr)TiO3 IR Detectors Development(24)
{Ba,Sn)TiOs (doped) PTCR Thermistors Commertializabon
PYZ1.TYOr (PZT) Transducers Commerciaitzation
Actators Development(25)
Pb LaZse. TiYO3 (PLZT) Electro-opucs Commercighization
Ca-doped PbTiO3 Transthxcers DevelopmenyCommercializauon(26.27)
Sm-doped PHTIO; (hydrophones)
Pi(Sc.Ta)0s IR Detectors Development(8)
Na,B)TiOy Transducers (Pb-free) Research29)
P(Mg Nb)O3 (Relaxors) Capecitors Commercialization{30.31)
Actuators Development(32:33)
Electro-optics Research(34.3%)
Ba(Zn.TaYm Microwave Resonstors Commercializstion
Tungsien-Bronze PbNDOg Transducers (hydrophones) Commertializaton
(Sr,Ba)Nb206 Electro-optics Rescarch/Development(36)
Bismuth-Layer Structure BigTiz0y2. B W0Og Transducers (accelerometess) Commercializalion
Perovskite-Layer Structure  SraNbyOy Transducers Research®?)
Ly Ti?O7 (high-temperanure)
BiZn NiNbYO, Capacilors Development38Y/Commercialzavon{3®)
Composites PZT/Polymer Transducers Development®-1®)
Polymers PYF2,Co-polymess Transducers DevelopmenyCommercializationt40-42)
Miscellageous Li;B407 and AlPO4 (Crysials)  Transtucers Development
200 films (high-frequency) Commercialized
AlN films Rmh( 1

Note: Development stage may refer w limited commercial introduction specific (o cenan geographical regions.

ceramic powders may also
ybrid process involving both chemical
jonal powder processing steps.
Its have been reported for PZT ceramucs
¢d from the conventional processing




uniformly distribute dopants to conventionally prepared powders
of BaTiOj3 for capacitors is another way 1o combine the
performance advantages of chemical synthesis and cost
effectiveness of conventional processing. (61

B.  Powder Processing

A basic guideline of powder manufacturing is to do as litide
processing as possible to achieve the targeted performance
standards. Ceramic powder fabrication is an iterative process
during which undesirable contaminants and defects can enter into
the materials at any stage. Therefore, it is best to keep the powder
processing scheme as simple as possible to maintain fiexibility.
Uncontrollable factors such as changes in characteristics of as-
received powders must be accommodated to achieve
reproducibility in the processing from batch to baich of material.
Keeping the processing simpie is not always possible for
ferroelectric ceramics, based simply on their complex nature, ¢.g.
the need for precise stoichiometry control and dopants.

A fundamental requirement in powder processing and
perhaps key to the continued performance enhancement is
characterization of the as-received or synthesized powders.(66)

Figure 1.

Informanon on tap and pour densitv, parucie size distnibution,
specific surface areas, and chemucal and phase analys:s are cnacal.
Uniaxial compaction behavior, 1n parucular, 15 casily measured
and provides data on the nature of the agglomerates in a powder.

Milling is required for most powders, either to reduce
particle size or to aid 1n the mixing of component powders.
Commonly employed types of comminution include ball milling,
vibratory, atirition, and jet milling, each possessing its own
advantages and disadvantages. For example, ball milling is well
suited for mixing, but not for comminuton, unless varying media
sizes and long milling times are used. Vibratory milling is well
suited for comminution, but extreme care in dispersion/rheological
behavior must be considered, whereas attrition milling, though
very effective, is generally more expensive. Example of advances
in terms of powder processing are given in Table 4. As presented,
attrition milling allows for the preparation of extremely fine
particulates, generally are achievable by chemical synthesis
methods. Along with the inroduction of high performance milling
media, e.g. partially stabijized zirconia (PSZ), minimizing
contamination, attrition mulling is finding growing usage for the
processing of electronic ceramics.

Schematic of iterative processing of ferroelectric ceramics and key characterization methods. “Key

to performance and reliability lies in the understanding of pre.ursor-process-structure property

relationships.”
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Table 2. Methods Used to Prepare BaTi(O3 Electronic Ceramic Powders

Method Reaction Particle Size
Mixing/calcination BaCOj3 + TiO 4T BaTiO3 +CO, T 1 ym to 100 pm
Coprecipuation Ba?+ + TiOZ* + 2 C;0 %* H}-’O BaTi(C204)24H2) ‘_{I 0.5 um (after calcining

and milling)
H20 pH .
Hydrohermal ~ Ba(OM); + THOH, + =" BaTiOy + 2H;0 Nanosize to S pum
Hy0 AT 5.0-50.0 nm,
Metal organic R BaTi(OR) AT BaTiOy+6R (cTysullite size)
(Alkoxidgé) Ba(OR); + Ti{OR)s + mv \ aTi(OR) 8] BaTiO3 {:f ggé:))mcmc e




Progress in understanding the surface chemistry of
component and reacted matertals has allowed the wide spread
usage of aqueous processing as well as the ability 1o disperse fine
particulates through surface passivation.(67) With growing
znvironmental concerns related to the use and/or disposal of
nazardous solvents, aqueous processing will continue to become
important in the future.

“With the advances presented above and the overall contol
of incoming raw materials, e.g. morphology, purity, etc., high
performance ceramics are generally achicvable without the
implementation of expensive chemical methodologies, making the
mixing/calcination process the method of choice for most
ferroelectric materials well into the future.” However, continued
development of powder processing methods for fine-particle size
powders will allow future commercialization of chemical methods
if the cost of their advanced powders can be reduced.

C.  Green Forming

Green forming is one of the most critical steps in the
fabrication of ferroelectric ceramics. The choice of green forming
technique depends on the ultimate geometry required for a specific
application. There are many different ways to form green ceramics,
several of which are summarized in Table 5. Perhaps, of all the
methods, the most significant advances in processing have been in
the realm of multilayer fabrication, which includes:
piczoelectric/electrostrictive capacitors (>50 billion units/year),
piezoelectric/electrostrictive actuators, and varistors, as well as
several in non-ferroelectric applications (c.g. ceramic

packaging).(69.70)

Table 6 summarizes recent developments in MLC
fabrication. Naturalily, the enhanced performance arises from the
corresponding development in binders, dispersants, and overall
organics and their role in sheet formation. In addition, ultra-thin
MLCs have led 10 the need for correspondingly thin metallization.
Of particular significance in the fabrication of MLCs is that based on

Table 3.

magncuc tape fabncation technology. whereupon thin sheets can be
formed »600 ft./min., while being simultaneously eiectroded. (71)

Recent developments in the fabrication of piezoelectric-
polymer composites, primarily for bio-medical ultrasound and
towed array transducers, are given in Table 7. In addition to
achieving fine-scale composites, current emphasis lies in the ability
to economically fabricate large areas (>meter-square).

D.  Densification

Densification of ferroelectric materials generally requires
high temperature and atmosphere control (O, PbO, vacuum, etc.) o
minimize the porosity in consolidated ceramics. Heat-controlled
cycles are critical to microstructural development and grain size
control. Techniques such as fast firing and rate controlled sintering
have been utilized to inhibit or eliminate undesirable sintering
mechanisms. Hot isostatic pressing (HIP), which emplove a
gaseous pressure &t high temperature, has found more
commercializadon in contrast 10 hot uniaxial pressing, which is
limited to relatively simple shapes. The HIP process has been
shown to greatly enhance the diclectric breakdown strength (DBS)
of multilayer ceramics and actuators and can be used to prepare
transparent materials, including PLZTs and PMN. Advancements in
HIP processing of PbO-based ferroelectrics have also been made
with the introduction of oxygen atmosphere compaabie s; stems {see
Table 8).

Work continues to find economical densification processes
by which macro-defect free ceramics with near theoretical densities
can be achieved, allowing one to approach the maximum properties
allowable in ferroelectric ceramics. Much of the progress in this
direction, however, will be made through advances in the powder
synthesis, processing, and forming methods.

Advances in Synthesis of Ferroelectric Materials

Advancement Material

Demonstrated Benefiis

Conventional (Mixing/Calcination) Powder Synthesis

Pre-reaction of B-site precursors Pb(Mg.Nb)O3 Improved perovskite phase purity®4)

(Columbite method)

Modification of surface chemistry ~ Pb(Mg,Nb)O3 Improved perovskite phase purity(14)

(pH control) to optimize dispersion

Crystal chemical engineering Pb(Zn,Nb)O3 Improved perovskite phase purity(45.46)

(doping with BaTiOs, SrTiO3)

Reactive calcination (optimizaton ~ PMN, PZT Improved sintering reactivity®@?

of calcination conditions

Advanced Powder Synthesis Methods

Alkoxide Synthesis Pb-based relaxors  Fine-particle-size powders(3149)
Thin-layer MLCs

Pechiney Method BaTiO3 Fine-particle-size powders(50.51.52)

(Citrate decomposition) Ba,SrTiO3 PZT  High purity

Oxalate Coprecipitation BaTiO3 Fine-particle-size powders(53-54)
High purity, stoichiometry

Hydrothermal Synthesis BaTiO3, PZT Fine-particle-size powders(35.36.57.58.59)
Lower sintering temperatures

Hybrid Methods

PbO + hydrothermal (Zr.T1)O4 PZT

Chemical methods for dopant
addition “nanoheterogeneity™

BaTiOy

Improved compositional uniformity(60)
Fine grain size

Uniform dopant incorporation(61)
(X7R dielectrics)




Table 4.

Advances in Powder Processing

Concept

Benefit

.

High energy mil.
€.g. attrition

PbO+MgO+NbyOs—PMN
PSZ media

Aqueous processing

Surface powder chemistry

Submicron powders(47.68)
Dispersiont!4)

Minimal contamination

Non-toxic solvent
Low cost

Rheological control

Iv. SUMMARY

The primary conclusion of this review is that the fabrication
of ferroelectric ceramic materials will continue 1o see evolutionary
advances, pnmarily in the areas of synthesis and processing. The
implementaton of recent improvements in processing methods for
convenuonal powders (e.g. atmition milling, dispersion, eic.) will
extend the purformance of ferroelectric ceramics. However, there
will be a need for advanced powder synthesis methods and
associated handling and consolidation procedures for the high-
performance end of centain applications, e.g. cryogenic actuators
for space. Without revolutionary advances, the primary focus of
development will be on reducing cost of advanced powder
synthesis methods, such as hydrothermal synthesis and
coprecipitation. If these cost issues can be addressed, advanced

understanding . (dispersability) synthesis methods will significantly enhance existing matenals
c.g. “Passivation - BaTiO3 (e.g., BaTiOj-based dielectric ceramics and PZT-based
piezoelectric ceramics). Although the discovery of new
ferroelectric materials is not anticipated, continued improvements
in the processing of emerging ferroelectric ceramics, such as PbO-
based relaxors, will lead to their increased use in existing
applications (capacitors and actuators), and enable their
development for emerging applications (e.g.. E-field tunable
transducers for sonar and bio-medical ultrasound).(57)
Table S, Green Forming Procedures for Ferroelectric Ceramics
Green Forming Geometries Applications
Method
Uniaxial Pressing Disks, toroids, plates Disk capacitors, piezo transducers,
igniters, inch-worm actuators
Cold Isostatic Pressing ~ Complex and simple High-frequency ultrasonic
transducers
Colloidal Casting Complex shapes Transducers
Extrusion Thin sheets (>80 um) rods, Igniters
tubes, honeycombs, substrates  PTC thermister heaters
Injection Molding Complex shapes PZT-composites
Muitilayer Fabrication Thin sheets/multicomponent Capacitors, actuators
Varistors
Table 6. Advances in MLC Manufacturing
Advances Benelils Development Stage
Ultra-thin MLCs - Cap. Vol. Eff. Commercialized(31.72)
*+ <10u » High energy storage(’3
(replace tantalum &
electrolytics)
* 56l Research/Development{74)
» Fine Metallization Development(75)
« High Speed Fabricati * Low cost Development(71)
&h Speed Fabnication (>600 ft/min.)
« Low-Fire + Low cost Commerciali. +d
— Ag:Pd electrodes
« Material/Dielectrics « Cap. Vol. Eff. Development{’6)/Commercialized
—High K >5000 X7R
—Relaxors, e.g. PMN-based * Cap. Vol. Eff, Commercialized
—Varistors (ZnO) + Surface Mount Chip Commercialized
Integration
—PZTs, PMN « Actuators Commercialized




V. SURVEY RESULTS

Prior to conducting this review, a2 worldwide survey was
conducted of scientists and engincers involved in ferroelectric
materials research, from both academic and industrial
organizations. This survey addressed significant recent and
anticipated developments of ferroelectric materials. and the
question of whether conventional fabrication methods for
ferroelectnic materials will be sufficient for future applications
requirements. Responses were categorized by geographical region
(North America, Europe, and the Far East). Results of this survey
are summarized below:

. The field of ferroelectric films, although outside the scope of
this review, was recognized as an area where significant
recent developments were achieved, and where an even
larger number of future developments and applications were
anticipated. The importance of ferroclectric fitms was
recognized by the largest percentage of respondents,
regardless of geographical region.

. Multilayer ceramics, both actuators and capacitors, were
identified as an application area where significant recent
developments, particularly in terms of ultra-thin layers and
the incorporation of relaxor ferroelectrics,-have been made,
especially by respondents from the Far East

. Advances in conventional processing was cited as an area of
significant recent achievement, although there was little
confidence that conventional processing would see additional
advances in the future. Chemical synthesis of ceramic
powders, by sol-gel and coprecipitation methods, was
recognized as important to future development of existing
and emerging applications, but strives must be made to
achieve economical feasibility, perhaps being achievable
through combined methodologies, i.e. hybrid processes.

. Areas idenufied as seeing significant recent developments
included hot-pressing and HIP techniques and piezoelecmc
composites, whereas research topics identified as important
to future applications include thick film processing for
multicomponent packaging, assembl:. ze of nano-composites
for electro-optics and ferro-fluids, relaxor ferroelectnces,
smart malerials, and optoelectronic mateniais.
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Table 7. Advances in the Fabrication of PiezoPolymer Composites
Advances Benelits Development Stage
Extrusion €100 micron PZT rods Development(’"
<10 micron Research(8)
Pick and Place (Weaving) Large Area (> meter-squared)  Development™
Lost Mould Method 10 ¢ -100 scale Development(80.82)
Injection Molding Low cost Development(®3)
Fill and Dice Simplistic Commercialized
Table 8. Advances in the Densification of Ferroelectric Materials
Advances Renelit Development Stage
+ Pressureless sintering * Transparent PLZT Development(84.84)
—Vacuum/ammosphere control « Lower Firing Temp PZTs Research(86)
—Rate-controlled densification
« Hot uniaxial pressing (HUP) « PZTs (pyroelectric ~10 p wafers Commercialized
» Transparent PMN, SBN, Research(87.88)
« Hot isostatic pressing (HIP) + Complex shapes Research/Development(89.91)
. Mufltilaycr capacitors
— fatigue reduction .
+ Multilayer actuators Commercialized(88-91)
* Transparent PMN, PLZT
« Hot forging + Grain orientation Research(2937.92)
¢.g. BiyTiaOy2
+ Mixed sintering * Flat 'T.C.C. MLCs Research(¥3.54)
* Fluxes (liquid phase) * Low firing temps Research/Development(93.96)
e.g. lithium oxide & fluorides

*Temperature coefficient of capacitors.
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The hvdrothermal crystaltization kinetics for the perovskite PbTiO, have been investigated under autogenous conditions at
temperatures in the range of 225-250°C and feedstock concentrations of (.1-1.0 M. At these temperatures, crystalline perovskite
particies were obtained in approximately 4-7 h. Transmission electron microscopy (TEM) of the product oxides showed nanometer
sized crystalfites with an elongated morphology. The crystaflization kinetics were monitored using X-ray powder diffraction on
sampies extracted {rom the reaction mixture at various times. The crystallization rate data were analyzed according 1o a generalized
solid-state kinetic treatment which. along with microstructural evidence. suggest that the PbTiO, formation reaction proceeds via a
dissolution -recrysiailization mechanism. Jt is proposed that the precursor amorphous hydrous oxides of lead and titanium dissolve
and recrystallize to form the perovskite phase. The relative rates of dissolution and recrystatlization were found 10 be strongly
temperiure dependent within the range examined. At afl temperatures, the recrystallization kinetics appeared 1o obey a
zero-order rate law. An apparent activation energy of 7.2 keal/mot was esumated for the hydrothermal PhTi0, furmation reaction

1. Introduction

Hydrothermal particle synthesis involves the
treatment of aqueous solutions or suspensions of
precursor particles at clevated temperatures and
pressures. The reactions occurring in hydrother-
mally treated solutions of inorganic compounds
can produce fine, high purity, and homogeneous
particles of single and multicomponent metal ox-
ides under the appropriate conditions [1-8). Fur-
thermore, particle sizes from nanometer to cen-
timeter ranges can be synthesized depending on
the configuration of the hydrothermal equipment.
However, the reaction sequences in hydrothermal
systems are complex, and at the present time
there is scant information regarding the reaction
kinetics and underlying mechanisms {9]. Hy-
drothermal reactions are analogous to solid-state

! Currently with 1BM Fishkill, Hopewell Junction, New York
12533, USA.

2 Currently with Material Science and Enginecring. Univer-
sity of Florida, Gainesville, Florida 32611, USA.

reactions, but with correspondingly enhanced dif-
fusion rates [9]). The reaction mechanisms and
sequences that can lead to crystalline particle
formation therefore include dissolution or trans-
formation of any solid precursor phase(s), diffu-
sion in solution, adsorption at the solid-liquid
interface, surface diffusion, incorporation of so-
lute material into the lattice, and crystal growth
steps [8-12]. Unfortunately, the relatively high
temperatures and pressures for hydrothermal
syntheses (e.g.. 100-500°C and 0.1-14 MPa, re-
spectively) prohibit in most cases the use of in-situ
systems to monitor the course of the reactions
leading to product particie formation. Conse-
quently, meaningful data relating to particle for-
mation can at present often be obtained oniy by
studying the solid-state nature of the reaction.

In the present work, we have evaluated the
hydrothermal formation of the binary lead tita-
nium oxide, PbTiO,. The solution speciation and
phase equilibria for this relatively complex, but
technologically important, system have not been
studied. However, there have been several studies

(R122-024R /92 /305.00 € 1992 — Elsevier Science Publishers B.V. All rights reserved
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verifying that lead titanate is the stable com-
pound under a wide range of hydrothermal reac-
tion temperatures and pressures [2-8]. Further-
more, studies that preceded the work currently
being reported have demonstrated that a range
from pH 9 to pH 10 is suitable to produce stoi-
chiometric PbTiO, with the perovskite crystal
structure [6]. The objective of this study was to
obtain kinetic data on this system to better un-
derstand the particle: formation mechanisms for
the complex binary oxides and, in particular, the
perovskite family of matcrials,

Lead Acetale

Deionized Water

A Rosset, Jro et al. 2 Kinetics of hvdrathermal ervsiathzatnon of perarskite PbTIO,

2. Materials and methods

The hydrothermal synthesis of particulate {ead
titanate employed a solution crystallization proc-
ess carried out at relatively modest temperatures
and pressures (225-250°C and 1.38-5.17 MPa,
respectively) {6). The preparation of the feedstock
materials was conducted according to the
flowchart shown 1n fig. 1. Experiments were per-
formed in a | liter 316 stainless steel autoclave
equipped with a magnetically driven stirring unit
(Model 4521, Parr Instruments Co., Moline, IL).

Tranium Isopropoxide

Y

100 mi Ethanol

‘ > Mixing Pb/Ti=1.0 <

v

Adjust pH with
NH,OH o pH 9.5-8.6

v

Feadslock Suspension

]

Hydrothermally Treat
(225, 235, 250 °C)

Y

5 mi Samples Extracted
as a Function ot Time

v

Collact Particles by Filtration,
Wash with Ammoniated Water,
and Dry at 25 °C in Air

v

X-Ray Diffraction
and TEM Analysis

Fig. 1. Flow chart {or the hydrothermal synthesis of PbTiQ, designed to collect crystaltization data as a function of ume.
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Samples of 5> ml size were extracted under
isothermal conditions at various times during the
crystallization process. The extraction of these
relatively small samples was accompanied by min-
imal reactor pressure losses (~ 0.014-0,034 MPa).
The solid portion was immediately separated from
the extracted suspensions by filtration and/or
centrifugation depending on particle size. The
solids were then washed with deionized water
whose pH had been previously adjusted to pH 9.5

with ammonium hydroxide, filtered again, and. air ..

dried at room temperature. It was observed in
preliminary studies that washing the powders with
a solution pear the pH for the minimum solubility
of lead oxide and lead titanate was necessary to
limit incongruent dissolution of the lead from the
hydrothermally treated powders. X-ray powder
diffraction patterns for the extracted samples
were obtained using an automated diffractometer
employing Cu Ka radiation. The degree of crys-
tallinity of the solids was assessed by integrated
intensity analysis of the (101) reflection [13].
Bright field transmission electron micrographs
(TEM) were obtained on selected samples and
used to estimatc the mean particle size. The
surface areas of the powders were determined by
an automated nitrogen adsorption technique
(Monosorb, Quantachrome Corp., Syosset, NY).

3. Results and discussion
3.1. Materials characterization

Typical X-ray powder diffraction patterns for
the PbTiO, crystallization scquence as a function
of hydrothermal reaction time are shown in fig. 2
for samples f- m a 0.33 molar feedstock solution
at 225°C. As shown in the figure, the starting
fecedstocks were amorphous and became increas-
ingly crystalline with time. Under these condi-
tions, no change in crystallinity was detected by
X-ray diffraction after hydrothermal treatment
for ~7 h. TEM micrographs corresponding to
these samples are shown in fig. 3. The amorphous
feedstock particles were 20 nm in diameter,
equiaxed, and could be clearly distinguished from
the product PbTiO, particles, which crystallized

2583

"

RELATIVE INTENSITY

DEGREES 20

Fig. 2. Examples of X-ray diffracion patterns showing the

typical change in crystallinity as a function of reaction time for

hydrothermally treated PbTiQ,. Data are for (0.33M feedstock

hydrothermally treated at 225°C for 0 time (0% crystathoty),
and 37.6%, 80.4%, and 1007 crystallinity.

with a relatively uniform, acicular morphology.
The influence of feedstock concentration on par-
ticle size and surface area for the PbTiO, crystal-
lized at 225°C is shown in table 1. Particle size
increases with feedstock voncentration as judged
by direct observation from the TEM micrographs
and specific surface area measurements.

3.2. Crystallization kinetics

The kinetics of PhTiO, crystallization from a
0.33 molar feedstock suspension are shown at
three temperatures in fig. 4. Qualitatively, the
crystallization process may be divided into three
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Fig. 3. Examples of tiansmission electron micrographs of some typical particte samples extracted from a 0.33M feedstock at 225°C
as a function of reaction time: (a) (5. (b) 37.67, (c) 80.4%. and (J)} 106 crystathmny

distinct kinetic regimes. At relatively short reac- last, & second period of crystalfization at & fower
tion times there is a temperature-dependent in- rate than during the intcrmediate regime. The
duction time with no measurable crystallization transition between the two periods of crvstalliza-

taking place, followed by an initial period of
rapid crystallization at intermediate times, and,

£ vomf
<
~ b
Table 1 3
Crystallite sizes and specific surface areas for the PhTIO, % oemf
particles hydrothermally synthesized at 225°C 1o 100% crvs- E e 225°C
talhnity as a function of feedstock ¢oncentration 3 0.400 s 235°C
X h b 250 °C
Feedstock Crystalhite size * Specilic 5 0.200 .
concentration (tength /diameter) susface area 3
(mot/1) (nm) (m?/g) g 0
@
.00 730/220 78 -y, ‘o:)oo 20000
0.50 560/ :’8" ;; TIME (seconds)
3?3 2{;3;20 1 Fig. 4 Fractional PbTiO, crystalbhnity as a function of time for

0.33M feedstocks hydrothermally treated at 225 238, and
* Estmated from TEM photomicragraphs. 250°C
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tion occurrced at approximately 30-40% crys-
tallinity for all temperatures.

In order to gain further insight into the factors
controlling the hydrothermal f{ormation of crys-
talline PbTiO,, the rate data in fig. 4 were ana-
lvzed according to the generalized solid-state ki-
netic treatment of Hancock and Sharp [14]. This
method was originally applied to isothermal
solid-state transformations such as the dehydros-
vlation of brucite [14] and has also been success-
fully applied to more complex heterogeneous re-
action sequences in both oxide [15) and non-oxide
[16} systems. Care must be exercised, however, to
ensure that a literal interpretation is not assigned
to the ratc constants or rate laws determined in
this way from the simple regression analyses.
Even when precise statistical data sets are avail-
able, best-fit rate constants obtained f-om regres-
sion analyses can be substantially in error {17].
Despite these reservations, careful application of
simple kinetic trcatments is often helpful in de-
veloping a qualitative understanding of the domi-
nant processes in complex solid-state reaction
systems, particularly when corroborated by mi-
crostructural evidence and other data.

Recognizing these limitations, and considering
only the solid-state nature of the transformation,
a kinetic analysis was applied based on the John-
son-Mechl-Avrami equation [18.19}):

f=1-exp(-r"), N

or. in lincar form,

where f is the fraction crystallized isothermally
at time f, r is a constant that partially depends
on nucleation frequency and rate of grain growth,
and m is a constant that varies with the system
geometry. Hancock and Sharp have shown that
for rcactions obeying a single theoretical rate
expression, plots of —In In(1 - {) against In(r)
over f=0.15-0.50 vield approximately straight
lines with slopes m having a value falling within a
range characteristic of three distinct reaction
mechanisms. When m = 0.54-0.62, a diffusion
controlled mechanism is indicated, while a zero-
order, first-order, or phase boundary controlled
mechanism is indicated for m=10-124. A
mechanism involving nucleation and growth con-
trol is indicated when m = 2.0-3.0. Values of m
lying outside the specified ranges have no obvious
mechanistic interpretation, but can sometimes be
indicative of competing processes [14}. The vari-
ous standard solid-state reaction rate equations
and associated values of m are summarized in
table 2. It is not possible to distinguish the most
appropriate rate iaw within a given group solely
on the basis of the value of m. Instead, the
individual rate laws must be tested and compared
over the complete conversion range [20].

In fig. 5, plots of —In In(l ~ f) against In(1)
over f=(.15-0.50 for the data in fig. 4 are pre-
sented. For PbTiO, crystallization at 225 and
235°C, it is shown in figs. 5a and 5b that the
kinetics are described by a two-stage rate law. In
cach case, the kinetics of the first stage are char-
acterized by a large m exponent (m > 5) followed

=InIn(l =f) =In(r) +m In(1), (2) by a sharp transition at f=0.3-0.4 to a second
Table 2

Solid-state reaction rate equations (from ref. {14))

Function tmplied mechanism Eguation m
D Diffusion controlled 2=kt 0.62
D.f) Diffusion controlled G~ frin(l~ f)+ f=kt n.s7
ngn Diftusion controlied (== )P =kt 0.54
D Diffusion controlled 1-21/73-U~ 1=k 0.57
1) First order =intt = )=kt 100
RS Phase boundary 1=V 2 a by L1
RN Phase boundary 1=~ )= ke 1.07
ZAf) Zero order f =kt 1.24
A [ Nucleation and growth [~ in(1— [)]'/2 w~ kit 2.00
ALY Nucleation and growth [—in(1= )" = ke 300
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m=1.22

-inin(1-N
P

15} m=28.83

nQ®

Anin(1-1)
5

nin(1-1)

(c)

.20 s i A N
70 7.5 8.0 8.5 9.0 9.5

n
Fig. 5. Plots based on the Johnsan-Mehl-Avrami analyses of
the kinetic data [from fig. 4.

stage characlerized by an m value close to unity.
The m exponent for the first stage dccreases
rapidly with increasing temperature, so that for
crystallization_at 250°C, the first stage is not obvi-
ous and the kinctics may apparently be described
in terms of a single rate law, as shown in fig. 5c.

In figs. 5a and Sb, the »1 exponent of the first
stage (m = 8.83 and 5.11, respectively) reflects
the initial period of rapid crystallization in the
early portions of the corresponding curves of fig.
4. Comparison of these m exponents with the
theoretical values presented in table 2 shows that
the kinetics of the initial stage of crystallization

cannot be simply described by any of the ten
standard solid-state reaction rate equations.

On the other hand, the m exponent of the
sccond-stage crystallization in figs. 5Sa and Sb,
along with the single m value of fig. 5S¢ (m =122,
(.80, and 1.00, respectively). suggest a reaction
mechanism best described in terms of zero-order,
first-order, or phase boundary controlled rate ex-
pressions. Consequently, the rate expressions for
zcro-order, first-order and phase boundary con-
trolied mechanisms were tested over the second-
stage crystallization ranges indicated by the m
values of fig. 5. The first-order and phase bound-
ary controlled rate equations gave poor fits of the
raw kinetic data when continued t0 complete
crystallization (f=1.0). In accordance with a
zero-order rate law, however, fig. 4 shows that
the second-stage ( f > 0.3-0.4) plots of f against 1
for PbTi0, crystallization at 225 and 235°C arc in
fact lincar. Fig. 4 indicates that the PhTiO, crvs-
tallization kinctics at 250°C are alse lincar for
oot ewen e st civatallicataom
tanges, theiclore, the gero-onder 1ate eapression
is most appropriate to describe the apparent crys-
tallization kinctices. In fig. 4, the slieht nonlincar-
ity in the crystallization kinctics at 250°C lor
f < 0.3-0.4 is contrary to the expectation from fig.
Sc that only a single rate expression should be
obeyed. However, it is likely that the crystalliza-
tion kinetics at 250°C also conform to a two-stage
rate law, but that first-stage crystallization was
not detected due to the rapid initial rates at the
higher temperature.

An Arrhenius plot for the hydrothermal
PbTiO, formation reaction is given in fig. 6.
Using a method similar to that of Culfaz and
Sand [21}, the values plotted along the ordinate in
fig. 6 represent the instantancous rate deter-
mined at 50% crystallinity. This method was cho-
sen because it makes no assumplion regarding
the underlying reaction mechanisms and associ-
ated rate laws. Even in the crystallization regime
where the reaction is apparently isokinetic (i.e.,
f> 0.4), the rate data were used in prefcrence to
rate constants in constructing the plot because
the error in the zero-order fits, as well as the
extent to which the initial rapid crystallization at
various temperatures affects the subsequent
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5.4

-5.5

= 7.2 kcal/mol
-$.6 Es

In (rate)

STr

581

i o,

“1.90 1.98 2.00 1.08

1T x 1000 (1K)

Fig. 6. Arrhenius plot for the hvdrothermally crystallized
PbTiO.. The apparent activation eocrgy for hydrathermal
crystallization of PhTi0Q), from the plotis 7.2 keal /mol.

zerv-order rate, is uncertain. The apparent acti-
vation energy obtained in this way is 7.2 kcal /mol.

3.3. Mechanisiic interpretation

The microstructural and kinetic data pre-
sented above provide some insight into the mech-
anism of the hydrothermal formation of crys-
talline PbTiO,. Based on the microstructural data
of fig. 3. a mechanism involving a liquid assisted
solid-state transformation [22-24] is deemed un-
likely. The crystalline material in the micrographs
of Fig. 3 does not appear to have grown out of
the amorphous precursor. Furthermore, at no
stage in the crystallization is there any evidence
of partially or poorly crystalline matcrial, as would
be cxpected during the progress of a solid-state
transformation. Similarly. the morphologies of the
particles in the micrographs of fig. 3 would not be
expected for a material precipitated via a classical
nucleation and growth mechanism [11,12]. The
particles are seen to be nearly the same size with
similar acicular morphologies. A larger size distri-
bution is expected if particles are precipitated
from a heterogencous, locally supersaturated so-
lutior [11]. In contrast, a narrow size distribution
is more typical of particles precipitated from ho-
mogencous solution {25-28]. Moreover, the parti-
cle size and surface arca data of table | show that
the average particle size decrcascs with decrcas-

ing feedstock concentration. Such a result is not
supported by a classical nucleation and growth
model, which would predict higher supersatura-
tion conditions and smaller particles at higher
feedstock concentrations [11]

Alternatively, the generation of reacting
species by the process generally known as precipi-
tation from homogeneous solution (PFHS) [26-
281 is often observed in systems where tempera-
turc is used to thermally decompose precursor
reactants. {24-27). 1t is generally acknowledged
that a major limitation in the PFHS reaction
scheme 1s that relatively low concentrations of
precursor species must be used to avoid continu-
ous nucleation throughout the particle formation
process. In the current work, the microstructural
data strongly support the contention that PFHS is
taking place in the Pb-Ti—-H,O system under
hydrothermal conditions. However, in this sys-
tem, a sparingly soluble precursor hydrous oxide
wias used to gencrate the reacting species. Under
these conditions, a high yield of product powder
is potentially attainable using relatively concen-
trated precursor suspensions. Furthermore, the
high concentration of feedstock is not expected to
compromise the gencration of nuclei as it does in
classical PFHS bccause the reservoir of nutrient
stored in the solid precursor does not influence
solution factors such as supersaturation and ionic
strength.

Conscquently, with reference to the schematic
solubility curves shown in fig. 7. it is proposed
that as the hydrothermal temperature is in-
creased, the dissolution of the precursor hydrous
oxides dictates the supersaturation ($,,) at which
PbTiO, crystallizes. Assuming normal solubility
behavior, this is consistent with the temperature-
dependent induction time observed in the kinetic
data of fig. 4. When the hydrothermal tempera-
ture is increased to the range where the solubility
of the precursor hydrous oxide (S,) is greater
than that of the anhydrous oxide (S.). crystai-
lization of the latter will take piace with the
nutrient precursor material acting as a reservoir
for the precipitating species. If the particle growth
is not topotactic with the precursor particles. then
nucleation of the PbTiO, is required. It is be-
licved that this corresponds to the rapid. first-
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Fig. 7. Reaction scheme proposed for the hvdrothermal crys-

tallization of PbTiO,. It is proposed that the difference in

solubility of the precursor hydrous oxide and the product

maierial, PbTiO,, at the bhydrothermal reaction temperature

provides the driving force or supersaturation, §,,. necessary

to nucieate and grow PbTiQ, particles via precipitation {from
homogeneous solution.

stage crystallization. As might be expected for a
such a complex dissolution~recrystallization proc-
ess, the m exponents for this stage of crystalliza-
tion (fig. 5) did not correspond to any of the
theoretical values for the standard solid-state re-
action rate equations {(table 2).

Once sufficient nuclei are formed. as dictated
by the relative supcrsaturation at a particular
temperature, growth will commence. It is be-
lieved that this corresponds to the sharp transi-
tion to a second-stage crystallization at f= 0.3-
0.4 as observed in fig. 5. With the dissolution of a
precursor solid providing the nutrient for the
ultimate  crvstalline  phase,  uniformly  shaped,
nearly monosized  particles are produced, pro-
vided that the dissolution or decomposition of the
precursor material is the rate-limiting step. The
zero-order kinetic dependence of the second-
stage crystallization is consistent with this re-
quirement. Zero-order kinetics imply that the re-
action rate is independent of the concentration of
the reactants, and arc observed in systems where
the rate is controlled by a large excess of one
reactant, or is dictated by an external variable,
such as the intensity of light in a photocatalyzed
reaction {29]. In the mechanism proposed, crystal-
lization can continue only so long as there is
sufficicnt nutrient to maintain supcrsaturation.

When the nutrient is depleted to the point where
this is no longer possible, the crystallization might
be expected to end abruptly, with little premoni-
tory diminution of the crystallization rate as 0%
crystallinity is approached.

4. Summary

Crystalline; nanometer sized PbTiO, particles
were synthesized under autogenous hydrothcrmal
conditions at temperatures in the range of 225-
250°C and feedstock concentrations of 0.1-1.0
molar. Under these conditions, the product parti-
cles crystallized with a relatively uniform acicular
morphology. In contrast to expectations based on
classical nucleation and growth models, the parti-
cle size was found to increase ai higher feedstock
concentrations. A simple solid-state analysis of
the crystallization rate data showed that the ki-
netics could be characterized by three regimes
corresponding to a temperature-dependent in-
duction period, an initial period of rapid crystal-
lization, and a second period of crystallization
obeying a zero-order rate {aw. To account for
these observations, a particle formation mecha-
nism was proposed wherein an anhydrous oxide
leading to the perovskite phase is precipitated
from a homogeneous solution, the supersatura-
tion condition of which is dictated by the solubil-
ity of a sparingly soluble amorphous hydrous ox-
ide precursor. It is suggested that this reaction
scheme may be useful in preparing uniform,
monosized particles of complex oxides from high
concenttions of nutricet amd at high yiclkds,
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Sol-gel synthesis of Lna(Ln = La, Nd)Ti>07
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Lanthanum and neodymium titanates were prepared by a sol-gel route. Synthesis of
La:Ti;0- from pure alkoxide precursors vielded an intermediate perovskite type phase.
La;; ., TiO+. which partiallv transformed to La.Ti.O- on heating to 1500 °C. Substitution
of the lanthanum acetylacetonate for alkoxide precursor yielded La.Ti;O- without any
intermediate phase at a very low temperature of 700 °C. Sintering of the La,Ti,O- gel
powder vielded a highly dense ceramic with ~97% theoretical density. Similar sintering
treatment resulted in ~92¢ theoretical density for Nd.Ti.O-.

I. INTRODUCTION -

Interest in lanthanide titanates with the general for-
mula, Ln;Ti, 0. arose as a result of the observation that
they might be ferroelectric by analogy with Cd;Nb,O,,
which is a unique and unusual ferroelectric material
at low temperatures.! Cd,Nb:0O, has a cubic structure
of the mineral pyrochlore (Na, Ca)(Nb, Ta)O4F. Roth
was the first to svnthesize and investigate a series of
lanthanide titanates by solid-state reactions.® Among
the rare earth titanates, those with Ln = Sm 10 Lu
are isostructural to pyrochlore whereas lanthanum and
neodymium titanates are monoclinic with a space group
P2, Further investigations revealed that both lan-
thanum and neodymium titanates are cffective ferro-
electric substances with both high Curie temperatures
and coercive fields.™® Their temperature stability and
low dielectric loss at microwave frequencies make them
good candidate malerials for high frequency applica-
tions. Indeed, La,Ti;O, and Nd,Ti,O; are being used
as major components in high K microwave dielectric
formulations.”® Also, La,Ti;O+ has been found to have
good piezoelectric properties with possibie use as a
high temperature transducer material.!® Nevertheless,
studies on single crystals of these materials are limited
because of their high melting points which make crystal
growth difficult. The synthesis of single crystal fibers
of these compounds by laser heated pedestal growth
has recently been reported.'' Though some methods for
the syathesis of La;Ti;O, and Nd,Ti;Os in the poly-
crystalline form were reported based on coprecipitation
of hydroxides.'>!* thermal decomposition of nitrates,'?
liquid mix techniques," and hydrothermal methods,'
these ceramics are by far fabricated only by conventional
solid state reactions of the oxides. However, for high
quality products, pure powders consisting of uniform

¥On Jeave from Andhra University, Visakhapatnam, india.
MAlso with the Depantment of Agronomy.
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particles are-desirable -for good sinterability and fine-
grained microstructures.

In recent vears. the sol-gel process has become a
method of interest for the synthesis of nanocomposites
and electroceramics.'® The advantages of the sol-gel
process compared to conventional methods for polverys-
talline ceramics are betier control of sioichiometrv and
homogeneity, lower reaction temperatures, less contam-
ination, and ease of preparation of ultrafine powders.
thin films, and fibers for device applications. Sol-cel
synthesis of polycrystalline or thin film electroceram-
ics is mostly based on the hydrolvsis and subsequent
polycondensation reactions of component alkoxides. At-
tempts on a similar basis with lanthanum and titanium
isopropoxides as starting materials yielded a phase of
La;_,,TiO; instead of the required phase La:T:i.O-.
However, by substituting one of the precursors (see
below), phase pure La,Ti,O; is obtained at a relatively
low temperature. Also, the La,Ti,0, precursor solution
prepared by this method is useful for the formation of
highly oriented thin films on different substrates " This
paper describes the first report on the sol-gel synthesis
and sintering behavior of lanthanum and neodvmium
titanates.

Il. EXPERIMENTAL

The scheme for the synthesis of LnaTi:0, is out-
lined in Fig. 1. Lanthanum/neodymium acetylacetonate
{Ln(acac); or LnA] and titanium isopropoxide. T{OPr'),
(Aldrich Chemical Company, WI) were used as pre-
cursors and 2-methoxyethanol (MOE) was used as
the solvent. 0.05 M of La(acac), was added to 2 M
MOE and dehydrated by distilling off the solvenmt at
120 *C. The resuiting slurry was refluxed with MOE
for 24 h in argon atmosphere keeping the molar ratio
of MOE/Ln(acac); around 80. The required amount of
Ti (OPr’), was then added to the above solution after
cooling. The resultant mixture was again refluxed for
12 h, cooled, and the pH was adjusted from ~12.0 10

© 1992 Materials Research Society 2859
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0.05 M Lanthanum/Neodymium
Acetylace.onate (LnA) in 2 M
2-Methoxyethano! (MOE)

Distill off Solvent

\
Add MOE (MOE/LnA = 80)
and Reflux at 125°C for 12 h

1
Add 0.05 M Titanium
isopropoxide and Reflux at
125°Cfor 12 h

Cool to 25°C

1
Adjust pH from 12.0 to 10.0
with Nitric Acid and Add
Water

Stir at 25°C

}

Lanthanum/Neodymium
Titanate Gel

FIG 1 Schemauc outhne of the preparation of lanthanum/neo-
dyvmium ntanate

10.0 with concentrated HNOa. Four times the theoretical
amount of water necessary for hvdrolysis was added
slowlv under continuous stirring. The addition of water
cleared the slight turbidity of the solution. The solution
and the gel were air dried at 60 *C.

Powdered gels were characterized by thermogravi-
metric (Delta Series TGA7, Perkin-Elmer, CT) and dif-
ferential thermal (Model DTA 1700, Perkin-Elmer, CT)
analvzers interfaced with computerized data acquisition
and manipulation systems. Phase identification of the
various heat treated samples was performed using a
diffractometer (Model DMC 105, Scintag, CA) with Ni
fillered Cu K, radiation. The La:Ti;O- gel powder was
calcined at 800 °C for 1 h and pelletized using polyvinyl

alcohol (2 wt. %) as binder. The pellets were subjected
to heat treatment at 1300, 1350, 1400, and 1500 *C for
5 b to study their sintening behavior. Bulk densities were
measured by the Archimedes method. A scanning elec-
tron microscope (ISI-DS 130. Akashi Beam Technology.
Tokvo) was used for obtaining microstructures of the
sintered ceramics.

i, RESULTS AND DISCUSSION

As stated in the introduction. the svathesis based
on pure alkoxide precursors resulted in the formation
of a defect perovskite phase of composition close 1o
La;,-,,TiOs. The thermal behavior of the gel powder
obtained is shown in Fig. 2. X-ray diffraction (XRD) pat-
terns of this sample heat treated at various temperatures
are depicted in Fig. 3. The formation of such A-site defi-
cient perovskite La,_,.,TiO+. where 0 < x < 0.3. from
ceramic oxides was reported earlier bv Kestigan and
Ward.'® The phase of LagaTiO: (corresponding to x =
0.33) was also synthesized from a stoichiometric mixture
of La,Oy and TiO: in the presence of a small amount
of alkaline earth ion.'"® Abe and Uchino" reported the
synthesis of Lay;TiO;_, from pure oxides under CO-H-
mixed gas atmosphere. Based on XRD results, these
authors concluded that the structure of La»1TiO;-, was
dependent on A: when A is small the perovskite cell
is distorted to orthorhombic symmetry, while a cubic
perovskite phase is facilitated with the increase of A.
In the present case. the XRD pattern (Fig. 3) shows a
cubic cell with lattice constant, @ = 3.91 A. Only partial
transformation of La,; -, TiOs into La:Ti-O- occurred on
heating 10 1500 °C for 6 h.

In order to modify the reactivity of molecular pre-
cursors, chemical additives. such as acetvlacetone and
alkanolamine, are sometimes used.’®*! These additives.
primarily being chelating agents, modify the molecular

EXO

- ENDOO

A ] I sahee i ) -l 4 A i A
120 260 400 540 ¢80
TEMPERATURE {°C)

FIG 2. DTA curve for the gel obtained from lanthanum and ttanum
1sopropoxide precursors (heatng rate 10 °C/many
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FIG. 4. TGA and DTA curves for the gel powder obtained from lan-
thanum acety lacetonate and titanium isopropoxide precursors (heating
rate 10 *C/min).
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FIG. 5. TGA and DTA curves for the gel powder obtained from lan-
thanum acelviacetonate and titanium isopropoxide and heat-ireated ai
500 *C for 24 h (heating rate 10 *C/min).

precursor in such a way that its rate of hydrolysis is al-
tered. The controlled rate of hvdrolysis promotes homo-
geneous mixing of the resultant gel network. Instead of
modifving lanthanum isopropoxide with acetylacetone,

DEGREES TWO TMETA (CuKa)

FIG. 6. XRD patterns for the gel powder abtained from lamthanum
acetvlacetonate and titanyum isopropoxide precursors and heat-tresied
at different temperatures.

the lanthanum acetylacetonate itself was chosen as one
of the precursors in this study. The change in lanthanum
precursor facilitated the formation of La,Ti,O, directly
without any intermediate phase. The thermal behavior of
air dried gel obtained from lanthanum acetylacetonate
and titanium isopropoxide is depicted in Fig. 4. The
thermogravimetric analysis (TGA) shows a continuous
loss up to 350 *C and another loss in the range of 580
to 780 *C. The carlier loss is due to dehydration and
decomposition of organics. Differential thermal analysis
of the gel powder previously heat-treated at 500 °C
for 24 h gave a sharp exotherm at 750 *C with no
corresponding weight loss observed in TGA. as shown in
Fig. 5. Ishizawa et al.>* reported a phase transformation
of monoclinic La;Ti-O- to an orthorhombic form with
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FIG 7 Variation of densirs as a function of sintenng iempeiature for
LZ_‘T!:O‘
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space group Cp; at 780 °C. In order to verify whether
the exotherm at 750 °C is due to crystallization or
phase transformation of La;Ti:O;. DTA cooling run
was performed from 800 to 500 °C, which showed no
peak in this region. This indicates that under the DTA
setup conditions, it may not be possible to identify
the monoclinic to orthorhombic transition. Hence. the
above exotherm can be attributed to the crystailization of
L3.Ti-O-. The phase identification was also followed by
XRD for samples heat-treated at different temperalures.
The sample was x-ray amorphous up to 600 °C. The
XRD patterns (Fig. 6) clearly indicate the formation of
La,Ti. 05 at 700 °C. As TiQ, crystaliizes al temperatures
less than 600 °C, the absence of TiO, peaks suggests that
La:Ti»0O; is formed directly. The phase formation was
complete at temperatures =800 °C.

- -

BIkU  6.85kX

Figure 7 shows the densities of the sin ;
samples as a function of sintering lcmpccr::rle‘az;\rdl;?
mum density was observed for the Saiipie sinicred :n
1400 °C. For microstructutal studies, sintered cross sec.
tions were prepared by polishing the surface folioweg by
thermal etching at 1400 °C for 10 min. Figure 8 shows
scanning electron micrographs (SEM) of La,Ti,0, sin-
tered at 1400 °C for 1. 3. and S h. The grain size
increased with increasing heat treatment time (Fig. 8).

Thermal behavior of neodvmium litanate gel shown
in Fig. 9 is similar to that of lanthanum titanate gel
powder. The phase formation followed by XRD (Fig. 10)
indicated the formation of Nd,Ti.O; at 800 *C. The
phase formation was complete within 1000 *C. The
optimum sintering conditions obtained for lanthanum
litanate samples were adopted 10 the neodymium titanate

N\
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B9KU 4 @87kx 5U epe?

(b)

p

P

b -
5.86kx  5U @ees

FIG. 8. SEM micrographs of La, Ti; O+ sintered 3t 1400 *Cfor{a) 1 h.(b) 3 h.and(c) S h
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FIG 9 TGA and DTA curves [or the gel powder obtained from

neodvmium aceryiacetonate and titanium isopropoxide precursors
(heating rate 10 *C/mun).

gel powder. Approximately 92% theoretical density was
achieved for the neodymium sample sintered at 1400 *C
for S h. La,Ti,O, and Nd,Ti;O; peliets sintered at
1300, 1400. and 1500 *C exhibited grain orientation. The
extent of grain orientation v as quantified in terms of
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FiG. 10. XRD patterns for the gel powder obtained from neodymium
acelylacetonate and titanium isopropoxide precursors and heat-treated
at different iemperatuses

the Lotgering orientation factor calculated from XRD
intensities of the sintered peliets.”> Grain orientation has
also been observed for La»Ti; 05 sol-gel thin films coated
on Si(100) and fused silica."”

iV. CONCLUSIONS

Lanthanum and neodymium titanates were prepared
by a sol-pel method for the first time at a refativelv lower
temperature of 700 to 800 *C. Phase pure La-Ti.O-
without any intermediate phase was synthesized using
titanium isopropoxide and lanthanum acetylacetonate.
Sintering of La,Ti,O; gel powder at 1400 *C for 5 h
yielded a highly dense ceramic with ~97% theoretical
density.

REFERENCES

1. W.R. Cook. Ir. and H. Jafie, Phys. Rev. 88. 1426 (1952).

2. R.S. Roth. §. Res. Natl. Bur. Stand. $6. {7 (1956}

3. 0. Knopp, F. Brisse. and L. Castelliz. Can. ). Chem. 47. 97}
(1969).

4. P.M. Gasperin. Acta Crystallogr. B 31. 2129 (1975).

5. S. Nanamatsu. M. Kimura, K. Doi, S. Matsushita, and N. Yamada.
Ferroelectnics 8, 511 (1974).

6. M. Kimura, S. Nanamatsu. T. Kawamura, and S. Matsushita, Jpn.
J. Appl. Phys. 13. 147 (1974).

7. K. Kagayama and T. Mitsshito, Jpn. J. Appl. Phyvs. 24. 1045
(1985). ‘

8. K. Wakino, K. Minai, and H. Tamura. J. Am. Ceram. Soc. 67.
278 (1984).

9. M. Kimura, S. Nanamatsu. K. Doi. S. Matsushita, and M. Taka-
hashi, Ipn. J. Appl. Phys. 11, 904 (1972).

10. }.X. Yamamato and A. 5. Bhalla, Appl. Phys. Len. (submitied)

11. L. K, Yamamsto and A.S. Bhalla. Mater. Lent. 10. 497 (1991).

12. L.G. Shcherbakova. L.G. Mamsurova. and G.E. Sukhanova.
Russ. Chem. Rev. 48, 228 (1979}

13§ Takahashi and T. Ohtsuka. J. Am. Ceram. Soc. 72. 426 (1989},

14. U. Balachandran and N.G. Eror. J. Mater. Res. 4, 1525 (1989)

15. E.B. Panasenko and R. G. Begunova. Russ. J. inorg. Chem. 29.
1430 (1984).

16. C.J Rrinker snd G H. Scherrer The Physics and Chemsinn of
Sol-Gel Processing {Academic Press. New York. 1990).

17. A.V. Prasadanao. U. Selvaraj, S. Komarneni. and A.S. Bhalla.
Ferroelectrics Lett. (1992). )

18. M. Kestigan and R. Ward. J. Am. Chem. Soc. 77, 6199 (1955).

19. M. Abe and K. Uchino. Mater. Res. Bull. IX. 147 (1974).

20. C. Sanchez. F. Babonneau. 5. Doeuff. and A. Leanstic. in Ulrra-
structure Processing of Advanced Ceramics. edned by 1 D
Mackenzie and D. R. Ulrich (John Wiiey. New York, 1988).p 77.

21. Y. Takahashi and Y. Maisuoka. J. Mater. Sci. 23, 2289 (1988)

22. N. Ishizawa, F. Marumo. S. Twai, M. Kumura. and T. Kawamura.
Acta Crystallogr. B 38. 368 (1982).

23. A V. Prasadarso. U. Selvaraj, S. Komarneni. and A S. Bhalla,
Mater. Lett. 12, 306 (1991).

J. Maler Res. Vol 7. No 10. Oct 1992 2883




APPENDIX 41




X

< . P -~

JOUrﬁél

Sol-Gel Synthesis of Strontium Pyroniobate and Calcium Pyroniobate
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Strontium and calcium pyroniobates were prepared by a
sol-gel process, using strontium/calcium metal and nio-
bium ethovide as precursors, The formation of $r.Nb.O,
occurred at 730°C via an intermediate perosskite phase
of composition close to Sr,,,NbO.. The crystallization
of Ca,Nh.O. occurred at 600°C directly without any inter-
mediate phases. Sintered Sr,Nb.O. and Ca.Nb,Q. pellets
showed a preferred grain orientation. Microstructural
studies revealed an increase in grain growth and associated
orientation with sintering temperature.

I. Introduction

MONG the ternary metallic oxides with the general formula

A .B.O.. compounds with lavered perovshue-type struc-
tures exhibit intereshing ferroclectnic properties. The com-
pounds where A = Sr. Ca and B = Nb. Ta have become the
subject ot some recent investigations ' Crystals ot Sr,Nb.O-
are orthorhombic with space group Cmce. at room temperature
and the crystal structure 15 buiit up of ~labs of dmnrted NbO,
octahedra and strontium atoms along the {N10] axis.” Dielectnic
measurements on Sr.Nb.O- single crystails revealed two fervo-
electric transition lemperatures, one at — 156°C and a second at
1342°C.* Also. the electric anomalies showed @ normal to
incommensurate phase transition at 215°C.7 Refractive index.
tirefringence and lattice modulation properties of the incom-
mensurate phase have also been investigated.”” Besides being
ferroelectric with a high Curnie temperature. Sr.Nb.O. exhibits
excellent piezoelectric and electrooptic properties comparab{e
to those of LiTaO, and Ba.NaNb.O,. single crystals.'

Cua:Nb.O-. on the other hand. belongs to a monoclinic system
with a space group P. and ts isostructural with La,Ti,0..™"
Eurly attempts tu detect ferroefectricity in Ca,Nb.O, were
unsuccessful "™ Nanamatsu and Kimura'® rem»esngated the
electrical properties of Ca,Nb.O.. They reported a polarnization
reversal at very high applied fields and observed no dielectric
anomaly from room temperature to 1500°C. The Cune temper-
ature of Ca,Nb.O- 15 therefore assumed to be higher than s
melting point of 1580°C. Ca.Nb.O, also exhibits remarkable
piezoelectnic and electrooptic properties when an electnc field
15 applied along the polar axss.© Ail of the above studies have
been performed with single crystals grown by float zone tech-
myues. Sigle-crystal fibers of Ca.Nb,O, and related matenals
were Jlsu prep.md using laser- heated pedestal growth tech-
nigues " Attempts to grow St,.Nb.O- and Sr.Ta.O- fibers were
unsuccesstul  Since single crystals of these materials are
impractical for most device applications because of excessive

cost. tow- lempcr.uure synthests of polycrystailine or grain-
onenied po' yerystatline ceramics is desirable.

In recent years, sol-gei synthesis 1s found to have many
advantages over conventional cerarmic processing.'* Because of
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the mrang of the precursar solution at the maolecular tesel the
soj-gel methad otters homogenesy, reduced reaction remipera-
tures. und ease of lormation of thin thine We have recenth
reported the sol-gel svnthests of LaTe.O- and N Te0) 7 in
view ol the sbove interesting properties vuthned tor Sr Nh.O).
and Cu-Nb.O-. syvathesis of these phase-pure materiais 1s under-
tahen by the sol-gel process In lact. the soi-gel prowess
produces single-phase muterials. as opposed (o the vonven-
tional processing methods. leading 1o the formation ot e
ond phases.”” )

The flow chart for the synthesis of St.NB.O- and Ca ND.O3
gel s outhned in Fig. 1 For the preparation ot Sr.Nb.O. vl
strontium metal and nobium ethoxide tAldrich Chenncat Co
Milwaukee. Wi were used as staring muaternals with
2-methoxyethanol tAldrichy as a solvent. The reguited amount
of strontum metal was slowly reacted with 2-methoxsethanod
1t a molar ratio of 1:5 under argon atmosphere  Alier the com-
plete dissolution of the metal. the solution was refiuved under
argon at 125°C for 4 h. Niobum ethoude was retluved ~epa-
rately with 2-methoxyethanol 1n a molar ratto of | 27 under
stmilar conditions.

A mixture of 0. 1M strontiem alkoxide solution. 1 28 s
tylacetone {(Aldrich). and 3 0M I-methoxyethanol  was
refluxed under argon at 125°C for 4 h. Alter the solution was
cooled. 0. 1M niobium ethoxide soiution was added und turther
refluxed under the same condittons. The resgltiny solution was
cooled and the pH was adjusted from ~ {2.0 w {0 swith HNO

Experimental Procedure

-
Strontium/Calcium Metal i
2-Methoxyethanol

| Niobium Ethoside i
in 2-Methoxyethanol L

Drssolve the meal
Reflux st 125°C for
4 h nargon
Mix 0.1 M StrontiunvCalcium,
0.2 M Acetylaceione and
4 M 2-Methoxyethanol

Reflux at 12¢°C
for 4 hn yrgon

Refux ot 125°C for
4 hn argon

Add 0.1 M Niobium Ethoxide
in 2-Methoxyethanol

Reflux st 125°C for
4 i srgon
Adjust pH to 10 and Hydroiyze
using Water Dituted with
2-Methoxyethanol

Fig. 1. Schematic outhne of the preparaton of St.NBO and
Ca.Nb.O. gets.

Strontium/Calcium
Pyroniobate Gel
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Fig. 2. TG and DTA curves for SINbO. gel theaung rate
HCiamny.

Siow hydrolysis was initiated with the theoretical amount of
water {diluted with 2-methoxyvethanol) necessary for complete
hydrolysis and the resulting gel was dried a1 60°C. A similar
procedure was followed for the svnthesis of Ca.Nb.O- gel with
calcium metal (Aldrich) and niobium ethoxide as precursors.
The gel powders of Sr.Nb.O- and Ca.Nb.O- were characterized
by thermogravimetric {Deita Series TGA7. Perkin-Eimer. Nor-
walk. CT) and differential thermal (Model DTA 1700. Perkin-
Elmers anal+zers interfaced with computerized data acquisition
and mampulation svstems. Phase identification of the various
heat-treated samples was performed using a diffractometer
tModel DMC HOS, Santag, Santa Clara, CA) with Ni-tiliered
CuKu radiation The gel powders. after the removal of carbon
by heating at S0°C . were pressed into pellets with 2 wt% poly-
tvinyl alcohol) as a binder and sintered at different tempera-
tures  The densities were mieasured by the Archimedes method.
Sr.Nb.O. und Ca.Nb.O- sintered at 1450°C for | h showed 88%

S', Nb, 07
l | 800°C
v I‘
. s ¢
! l Ay ' W , ! 3
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Fig. . XRD pantemns of St AND 6 gl posder heat-treated at difter-

ent i pCratyres
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Fig. 4. TG and DTA curves for Ca.Nb.O. gel powder theating rate
10°Crminy

and 92% of theoretical densities. respectively The pelety sin-
tered at different temperatures were polished and thermalls
etched for mucrostructural studies with a scanming electron
microscope (1S1-DS 130, Akashi Beam Technology Corp .
Tokvo. }apan).

[Il. Resuits and Discussion

Figure 2 shows the DTA and TGA curves for St.Nb.O- gel in
the temperature range of S0° to 850°C. As indicated by the TG
curve. there is a sudden weight loss at about 310°C followed by
a continuous weight loss i the tange of S807 w 680°C These
two weight losses are separated by a plateau from 450° w0
580°C. The DTA curve shows a senies of exothermic peaks.
The peaks below 400°C are due to the loss of water and organ-
ics. while the peaks above this temperature may be due 1o the
crystallization and the oxidation of residual carbon  As there i<
no sharp exothermic peak indicative of crystallization. the
phase formation 1s followed by X-rav diffraction of the gel pow-
ders heat-treated at different temperatures (Fig 3y The gel
powder heat-treated at 500°C was X-ray amorphous However.
it transformed 1o a perovskite phase at 600°C. The XRD pattern
of this perovskite phase matched with Sr, ,.NbO, (Jownt Com-
mission on Powder Diffraction Standards. File No. 9-79)
Ceramics with the composition Sr,NbO, have been known since

| Co, Nb: Oy
800°C

l‘ 700*C

A
’MAJMJEJ\_~_Ju~dﬂ._J\,Jhunﬁ‘}h...
; r ! 600°C

| i :

DEGREES 28 (Cukq)

Fig. 5. \RD patterns ot Ca Nh O pel powder heat-treated at dithee
ent LM eatutes
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Fig. 6. XRD patterns of Ca,Nb.O. and Sr.Nbh.O. gel powder calcined
at 800° and 900°C for | h. respectively.

1950. It has been well established that for .70 -< x < 0.95 the
formation of a single-phase perovskite is favored.” ™ Heat
treatment of the gel powder at 750°C yielded phase-pure
Sr,Nb,O,. Samples of Sr.Nb,O, prepared from SrCO, and
Nb,Os by the conventional powder mixing method"™ were

g
e SryNby0,
] 1450°C
3
=ia
558 =
Eiif 3
I -
- IS 352! =
=~ | :9 =—_—;°
g 32| |le 8%/ 385328

.

1350°C

b

1250°C

b

6 20 30 40 50 60
DEGREES 28 (CuK,)

Fig. 7. XRD patierns of polished surfaces of Sr,.Nb.O, peilets sin-
tered at 1250°. 1350°, and 1450°C.
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Fig. 8. XRD pattems - * olished surfaces of Ca.Nb.O. petlets vin-
tered at 1250°. 1350°. and 450°C.

reported 10 have a small amount of St.Nb,O,. as impuruy which
was not abserved in the present synthesis.

Figure 4 shows the DTA and TGA curves for Ca.Nb.O- ge! in
the temperature range of 50° to 1000°C. There is a continuou
weight loss shown in the TG curve up to about 500°C tollowed
by a minute weight loss up to 650°C. As in the previous case.
DTA peaks below 500°C are due to loss of water and decompo-
sition of organics. Above 500°C DTA showed a sharp exotherm
at 680°C, due to the crystallization of Ca,Nb,O,. This was tur-
ther confirmed by XRD of ge! powders heat-treated at different
temperatures (Fig. ).

The XRD patterns for the calcined powders of Ca.Nb.O. and
Sr,Nb,O, are shown in Fig. 6. The (212) and (131) reflections
are the highest intensity peaks. respectively. However. when
the pellets were sintered at different temperatures. the corre-
sponding XRD patterns of polished surfaces showed (0801 a-
the highest intensity peak for Sr.Nb.O, and (400; as the highe~t
intensity peak for Ca,Nb,O, as shown in Figs. 7 and 8. Thin
shift in intensities is attributed to a pref-rred grain onentatun
during sintening. A similar grain orientation was also observed
for La:Ti307 and Nd;Ti:O,.W Ca:Nb:O». belng tsostructural
with La,Ti,0,. showed a similar trend. Sr.Nb.O,. on the other
hand. is orthorhombic and the observed XRD intensities of the

Table I. Orientation Factors, /, for Sr;Nb.0, and Ca . Nb.0.

Sintenng Onemation <tor. f
temperature (°C) $t.Nb.O- CaNb Y
1250 0.14 006
1350 023 013
1450 0.21 020
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Fig. 9. SEM mucrographs of pohished and therinally etched pellet
surlaces of Se.Nb.O. sintered at ta) 1250°.15) 1350 _ and (o1 1450°C.

wntered pellets showed (0801 reflection as the highest intensity
peak (Fig K1 which 1s in accordance with the ceramics pre-
parcd by the powder mixing method. The extent of preferred
oricatation s estmated in terms of the Lotgening onentation
lactor, /. which s defined an™

f =P - Pyl = P

where P = X HORM SN0k for the Se.NB.O- sintered peller.
ro= Nnaxoy Sichkh tor the Sr.Nb.O- powder calcmed at
YOO Clor th, P o= X1 ZHhkD for the CaNB.O- ~intered
pollet and P = XH001 2hchkiy for the CaNb O powder cal
cned af X0 C gor Db over T 0 63 o1 IR values For g non-

Vol 75.No 10
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19KV 3 63KX

19KV 4 34KX Sy 8es3

—1.-1 - o “’)‘
19KV 1. f2kx 18U @832

Fig. 10. SEM nucrographs of pohished and thermally ewched pelict
surtaces of Ca.Nb.O. sintered at tar 1250 by 1350 and ter 1450 C

oriented sumple. P becomes £, leading 1o/ = 0 With un
increastng degree ol orientation from ronorichied sample ke an
onented sample. P ncreases trom the value £ and correspond-
gl f increases from 0 o 1.0, The factor £~ therelore a mea-
surd of the extent of orentation in s grven set ol samples The
values of £ tor Ca.Nb.O- and Sr.Nb.O- are ~houn in Tuble |
The degree of orientation i representatinve of the bulk ol the
sample because the / values measured at ditferent pellet depthy
were alment awentical

The mucrostruciyres of the pohished and thermally eiched
urlaces of the wintered pellets ot St NBO- and CuNh.O are
<hown i Fres 9and 10 The onentation of grains s learh




o e

SMERINCUAL INCrease i grasn ~iZe s noticed with increasing n-
tenng temperature

tv. Conclusions

Using strontium caloium metal and mobwm ethoxide as pre-
cursors, phase-pure Sr.Nb.O. and Ca.Nb.O. were prepared by &
sal-gel process Unbike the samples prepared by conventonal
powder miang methods. these matenals did not show any
impurities as second phase St.Nb.OL envstallized via an inter-
mediate perovshite phase. while Ca.Nb.O. crystallized Jdirectly
at 600°C . Sintered peliets ot St.Nb.O- and Ca.Nb.O. showed
considerable grain onientation. which was turther conhrmed by
SEM mucrostructure ~studies.
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Sol-gel thin films of LasTiyO7 were deposited on fused silica and
Si(100) substrates by a spin-coating process. The La;Ti207 precursor
solution for the spin-coating was prepared from lanthanum acetylacetonate
and titanium iso-propoxide dissolved in 2-methoxyethanol. Crystalline and
crack-free films of ~ 0.3 um thickness were deposited on the above
substrates using a single coating and followed by annealing at a temperature
of 800 °C. Microstructural studies revealed that these films contained
extremely {ine grains of ~ 0.1 uym. Thin film X-ray diffraction patterns
indicated the formation of grain oriented films along [ 100] direction on these
substrates.

INTRODUCTION

Much interest has been focused on the ferroelectric properties of layered
perovskite compounds of the general formula A;B207, because of their high Curie
temperatures and thermal stability. In this category of compounds, A is a trivalent
ion such as La3*, Nd3* with B being Ti#*, or, A is a divalent ion such as Ca2*,
Sr2* with B being Nb3*, TaS*. Among the layered perovskite compounds,
lanthanum and neodymium titanates (La;Tiz07 and Nd;Ti;O7) have high Curie

Communicated by Dr. G. W. Taylor
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temperatures (~1500°C) and high coercive fields.!:2 Their high temperature
stability combined with low dielectric loss at microwave frequencies make them
good candidate materials for high frequency applications. In addition to being
ferroeiectric, these materials also exhibit excellent piezoelectric and electro-optic
properties for possible use as high temperature transducers.2:3

The room temperature modification of La;TizO7 belongs to the monoclinic
system with the space group, P2;. The crystal structure is built up of layers of
perovskite slabs running paraliel to (100) plane, with the TiOg octahedra bonded to
cach other by the interlayer La3* ions.4 A high temperature modification of
LasTi;07 at ~ 780 °C with the orthorhombic space group, Cmc2; has also been
reported.5 La;TiO4 has also been described as n = 3 member of a homologous
series of layered structures with the general formula Ap+(Bg+O3n+s [0 n s )6
Single crystal fibers of La;Ti;07 and related materials have been synthesized by
laser-heated pedestal growth technique.” The microwave dielectric properties and
the piezoelectric properties of these single crystal fibers have also been
investigated. 8.9

The sol-gel method has been widely used to deposit many ferroelectric and
dielectric thin films. When compared to vacuum based techniques such as
chemical vapor deposition and sputtering, the sol-gel processing is a solution based
technique of depositing thin films without any vacuum. The advaniages of sol-gel
method over other methods are precise control of composition, low processing
temperature, better homogeneity, easier fabrication of thin films over large area on
either one or both faces of the substrate and low cost. We have recently reported
the preparation of some layered perovskite ceramics using sol-gel derived fine
crystalline powders. 10,11 In this letter we present the first report on the fabrication
of thin sol-gel films of LapTiy07.

EXPERIMENTAL

The precursor solution for La;Ti2O7 was prepared from lanthanum
acetylacetonate hydmte [La(acac);.xH70] and titanium iso-propoxide { Ti(OPri)s]
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dissolved in the solvent 2-methoxyethanol (2-MOE). A mixture of 0.05 M of
La(acac)3.xH20 and 4 M of 2-MOE was distilled in argon to dehydrate water. To
the resulting slurry, 2-MOE was added to maintain the above lanthanum

acetylacetonate : 2-MOE ratio and refluxed in argon for 24 h. Stoichiometric

quantity of Ti(OPi)4 was then added and the mixture was reflured for 12 h to

achieve homogeneous mixing. The pH of the solution sfier cooling was adjusted
from ~ 12.0 to 10 with concentrated HNQ;. Hydrolysis was initiated by adding
water which resulted in a very clear solution. This precursor solution was used for
subsequent spin-coating. A portion of the solution was gelled separately and the
gel powder heat treated at 500 °C for 24 h was characterized by themogravimetric
(Delta Series TGA7, Perkin-Elmer, CT) and di(Terential thermal (Model DTA 1700,
Perkin-Elmer, CT) analysers interfaced with computerized data acquisition and
manipulation systems. Phase identification of the gel powder heat treated at 700
and 1000° C was performed using a diffractometer (Model DMC 1085, Scintag,
CA) with Ni filtered Cu Ka radiation..

Fused silica and Si(100) were used as substrates. Prior to coating, the
substrates were cleaned by standard semiconductor processing technique.l2
LaTi09 precursor solution was deposited on these cleaned substrates using a
spin-coater (Integrated Technologies P-600) operated at 2000 rotations per minute
for 20 s. The resulting films were dried at room temperature and slowly heated to
800°C at a heating rate of 2°C/min. A thin film XRD (Scintag, Model DMICROS)
equipped with a set of angular divergence soller slits in front of the detector element
for parallel beam geometry operation was used for the phase identification of the
thin films. The fine structure and the film thickness were obtained by a scanning
electron microscope (SEM, ISI- DS-130, Akashi Beam Technology, Tokyo,
Japan). The thickness of a single layer film deposited on either fused silica or
Si(100), calculated from SEM micrograph, corresponded to~ 0.3 pm.

BRESULTS AND DISCUSSION

The gel powder when heated to 500°C for 24 h was X-ray amorphous. DTA
of this powder gave an exothermic peak at 750 *C with no cocresponding weight
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FIGURE 1. DTA and TG curves for La;TiO1 gel heat treated at 500°C for 24 h.
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FIGURE 2. XRD pattems of La;Tiz07 gel powder heat treated at 700°C and
1000°C for 1 h.
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loss observed in TG as shown in Figure . This indicated that most of the
carbon species present in the films would have been removed at temperatures
below 500 °C. The exothermic peak in DTA can therefore be attributed to the
crystallization of La;Tio0O9. The XRD patterns of the gel powder heat treated at 700
and 1000 °C for | h are shown in Figure 2. As can be seen from the {igure, phase
formation of La;Ti;O7 occurs at temperature as low as 700 °C. Further increase in
temperacre altered the crystallite size only resulting in rather sharp peaks in the
XRD pattern. '

{400)

La,Tiz07 on Si{100)

12

1200}

(210)

Lo,TipO on Fused Silico

v

[ M W T I T WO P

10 20 30 40 50 60
DEGREES 20 (CuKg)

FIGURE 3. XRD patterns of La;TiyO7 thin films on (a) fused silica and (b)
Si(100) heat treated at 800°C for 1 h.
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FIGURE 4. SEM micrographs of La;Ti207 thin fitms on (a) fused silica and
(b) Si(100) heat treated at 300°C for 1 h.

Figure 3 shows the XRD patterns of La;Tiy0~ thin films spin-coated on fused
silica and Si(100) and heat treated at 800 °C for 1 h. The gel powder calcined at
800 °C showed (112) reflection as the highest intense peak (Figure 2) which is in
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agreement with the Joint commission on Powder Diffraction Standards (JCPDS)
file no., 28-517. La;Ti;01 sintered at 1400°C, however, displayed (400) as the
highest intense peak, which indicated the existence of a considerable grain
crientaticn in the ceramic.!3 For the La;TizO7 films heat treated at 800°C, the (400)
peak appears to be more prominent as was observed for the sintered ceramic. As
the structure of LayTi,07 is composed of perovskite LaTiOj slabs of four TiOg
octahedra thick, bounded by shear in the perovskite {100} planes,® the observed
grain orientation along [100] direction appears to be the preferred one for the
sampie to grow.

The microstructures of La;Ti;O; films are shown in Figure 4, which reveal a
very fine grain size of ~ 0.1 pm. The formation of needle shaped grains with
visible orientation is evident in the film coated on Si(100). Since poling of
La;Ti;07 single crystals is considerably difficult due to high coercive field, the
formation of thin films may be important for device applications. In this series of
compounds, Sr;NbyO4 single crysial films were reported on a b-plate SryTayO7 by
RF sputtering for possible use as optical waveguide.!4

CONCLUSIONS

Thin films of La;Ti;09 were deposited for the first time on fused silica and
Si(100) at temperature as low as 800°C using a sol-gel technique. Thin film XRD
and SEM results showed the formation of grain oriented films along [100} direction
on these substrates. The present synthesis is simple and thin film of uniform
thickness and good quality can be obtained on various substrates by this process.
Ferroelectric and dielectric properties of these thin films are presently being
investigated.
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Abstract: Lead magnesium niobate (PhiMg;;3Nby,1)O05-PAN).
lead titanate (PHTI03-PT) solid solutions are widely researched to
produce devices that can be used in low and high eleciric held
applications.  For some applications, such as medical ultrasome
transducers, it is necessary 10 prepine the ceranic with high densiry
and sall average grain size. This paper destribes the ettect of
grain size on the low nd high fiehd propenies of O YOPMN.O 101
ceramics T prepare highly dense cerannic, vibradory ad attrinon
milled powders were sintered between 1O00-1250°C The average
grain sizes of the xinered cevamices varied lrom 710 YSm To
understand the grain size eifect, dielectric, pytoelectric,
clectrostrictive, and induced piezoclectric properties were studied
ntrodugiion

Relaxor ferroelectric materials are widdely studied for theyr
dielectric, electiostrictive mul induced piezoelectric propenies. {n the
past decade, these materials were used in o variety of applicaions
ranging from mults-layer capacitors to ylirasonic transducerst 24
Tavenchi et al J2} investigited the effect of (LYOPMN-u 10PT
ceramic for the medical imnging in the 1-3 conliguration. Becanse
of the high operating frequency. the dimensions of the ‘cylinduical’
ceramic osts sue restricted o only a few jens of mictons i all
ditections  "Fo manulacture such posts reliably wnd reproducibly
s necessary (o use high density ceramic with sinall grain size

The grain size eftect on the iow and high field properiies ot
PMN-based ceramics has bheen investigated by several
researchers{3-7 | In general. the propenties degrade as the gram size
is reduced. For examiple, in L9IPMN-0.07PF ceranuc, the peak
dielectric constant drops fram 25000 10 SOMK) when the average
prain size is redouced from S pm to 0.3 pmf5). The size elects
ohserved in these ceramics were antibmed 10 the extrinsic and
imtrinsic eftects such as pore volume, low-K griin houndary phase,
and micropolar domain densities. From the Titeniture sorvey, o
appears that the properties of the fine grain cenmic can be improved
by minimizing the elfect of extrinsic viriables and by anpraving ihe
homogeneity.

In this paper. the effect of average geain size nn the low and
high eleciric ficid properties of (LYOPMN-0 1OPT ceranuc s
reposted. Ceramics with average grain sizes ranging from 0.7t 3 5
pm wese prepared from vibratory and attrition milled powders
Low field properties such as dielectric constant and high field
propenties such as P-E hysteresis, pyroelectnic, electrostrictive and o
few of the electric field induced resonance properties were
invesiigated as a function of grain size.

Experimental
Pieparation
To prepare the ceramic powder. a conlumbite precursar
technique was adopted{7}]. The 1~ nesinm oiobate precursor wis
prepatect by calcining the appropriate mixture of MgUOUF. Baker,

Phillipshurg, NIy and NDyOg(Transelco, NJy at 100°C/Sh and then
at HHOC/Sh. The completion of seaction and the phase purity were

CH3080-0-7803-0465-9/9283.00 ©IEEE
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checked by compatmg the XRD panterns wah the JOPDIS <tandard
The PAMN-PT batches were prepated by calommg the approprine
maxiure of PhOtHammond, Portstosa, PAY, MpNB O amd Tih
(Whittahe, Chuk. wnd Daniel, South Plunfwld, NI powdess at
SOC/5h i a closed alunaoa ctaabic Po vary the mmal average
particle <ize, the caloped poader wis sabjecied 1 the followmg
grmding schedole
ueanatgene horle wah Z00, prndhog socdio tar 280 Atres eynyg,

Farst, the poseder won wet badt nulled ne aloodet
a partion of the powder was viboatory noftediSwecoy for 240 b
vibratary milhg, o M vald Slosny swas prepired with wates d o
tew dhiaps af Tamol B was used as aadispessant o nmmnze
contanunation, smatl yta stabibized Zaith sphetes wese used s
milling media “Toincrease the sunface wea fucther, o sonadl postum
of the vibratory nulled sluny was attrinon imilledtRelancey foc an
additional 230 The ball gulled, vibratory midled, and attnition
milled powders were pamed as batch AL B, amld € tespectineds
The Ze0r; contmnination level o e B ETT anlace wea of these
powders are histed i Table |

The dried powder was pumnbved with S wits of Pupom
5200 hinder macetone media Atter passing the mixtinee thiough s
FOf mesh sieve, 1/27 din disksowere cold pressed i i sieel die with
00035 000 psammanad pressire The busder from the disks win
removed by i two stage hear teatment s 300°C/3h and then
SMYCISh TThese prters were sitered an i Closed adumna cructsde
at 1061 250°C/E- S A smatl amount of PHOCZ:00 8 pnsoiee was
heated along with the pellets to connal the dead anude atmosphere
wside the cracible. AH the spircred samples were sumealed o
OS0C/20 10 evaporate excess PO Ehe weaglit losses durimg these
prepantion stages were nngored acenoaely

Chaactenization

The bulk densiies of the sitered speomens were cileabared
by measuring the woght dhusge e Xvteae The poun e
distnbution was anaby zoed Frons the nuciosio tres of fnactued ol
polished surfaces  Hhe nucrostrucnnes weee recondedd usng 181
DS Secadny eleviron nuctoseope

Detailed expestimental descoprions of dielectric, pyroclecing.
PoE hysteresis, and electiostciive mcasurements can be found o
Rel 8. Dielectriv imecasimements were nuude on gald spaittered thisgs

Table 1. Properies of Powdee
A T T T T ¢
_E'T___._- —— e A — —
HNPUCHY (w7 ) 67 071 (IR}
BOE T om7pom
Surfave Area I 24 L ) 15 46




while conling trom 100°C 1o -100°C w n nwe of 27C/mi For
pyroelectric measwiements, the electroded samples were cocled
from SO°C 10 2570 with an etectnie biekd o 10 KV/em Alier
neuvtializing the «urface chaspe. the pyroelectric current was
measured by heating the specimen 1o SUC wt 4°Chnin, For I'-E
hysteresic and transverse electrostrichive meisyrcmenis, an i
tigular field of £ 10KV/cm was apphied ot o bregneney of 01 Hz
The transverse strain measnrements were made with a strain gauge
techniyue. By differentiating L vs. s; phots, dgy® values as a
fue ton of electric field were calculated

AC impedance measurements were perfonmed on circular
disk samples of 1 < 03 mm with sputtered silver electindes
Resonance curves of conductance G, and resistince R of the
swmples ot varnious ivases were recorded weth an HP 41944
inpedance analvzer at 25°C. Series and paradle! resonunce
trequencies ¢ and f, of thickpess resonance niode were used to
calculine ky with the equation given ns Ref Y

Resulty and Discussion
Physical Properties

The density and weight foss data of batch B amd barch C
samples are listed in ‘Fable 2. 10 general. samples sintered at lower
temperatures show slightly higher dencity due to limited grain
growth. Among the two batches, as the initial average panticle size
of C was lower. it sintered to comparatively higher densities. At
higher sintering temperatures. as the grain growth mechanisms
doinate, both batches sintered to simitar densities Wiile tuuching
the powders for calcination, to ensure the completion of reaction,
0.5 w7 excess PhO was added. But after sintering i annealing,
higher weight losses wete observed (Table 2) As reported by Wang
and Scultz[ 6], our sample surfaces also showed a small nuinber of
pyrochlore grains. Since the pyrochlore is lead deficient in nature,
excess P is evaporated while annealing

The polished and fractuted microstructures of a few of the
sintered samples are teprmduced in Fig T The mean average gan
sizes for all the samples we listest with standard deviation in Table 2.

Table 2. Physical Propetties of the ceramic.

Si. Tem | wt loss| Density | % Theol Ave.
“Ch % gny/cc B.s. {pm)

B! 100/t 7.2840.041 89 24

n2 105071 110 180020021 9806 | 1.120.2
B3 | Lo 110 17.9940.01] 9794 | 1.240.3
B4 | 1150/1 1.11 | 7.9840.02] 9784 | 1,310}
B5 | 12071 1.16 17 9620.03] 97.57 | 1.720.5
B6 | 125071 1.20 17.9020.02]1 9684 | 2.21+0.8
B7 | 1250/5 1.32 $7.8320.03] 9598 | 33413

Tt | 100071 | ORS [7.92¢0.03| 97.08 | 0.7%0.2

C2 | 105071 | 099 [ROOLO.OI] 9808 | 1.010.3
C3 | 110071 1.03 17994002 9794 | 14104
Ca | 1SN 106 179820021 97.82 | 1.520.5
Cs | noui 1.02 179440021 97.33 | 1.930.6
C6 | 125071 .13 ] 7.8R10.01] 96.59 | 24208
C7 | 1250/5 1.29 17.80£0.03§ 9661 | 3.6£1.8
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Fig.1. Fractured surfaces of Cl and C7.

Table3. Dielectuic Properties of the ceramic

g.s Kniax Tmax Tan § &
fun C a2s’C| ¢y
B2 | 11 | T17R00%470 | 48 06582 | 40
B3 | 1.2 ] 222508050 | 46 00686 | IR
Ba 113 ) 23s4720 | 46 DOTIR| 34
BS | 1.7 | 25300600 | 45 007651 3t
o | 2.2 | 28850700 | 43 0nR29 | 27
B7 | 3.3 | 33000550 | 42 04922
TCY 07 1wnbsen |4 | 0047
C2 | 1o | 08008300 | 43 nevzs b3
Cy | 14 | 233504510 | 42 00192 32
c4 )15 | 247002420 | 42 pognl | a2
Cs | 1.9 | 254504810 | 44 007951 30
Cco | 2.8 {2ss00e720 | 4 DORSD ] 29
C7 | 3.6 | 27450300 | 4o 0.0891
40000 T v t v
= o B *
2 o ¢
€ 30000 1
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Fig.2. LHect of average grain size on K., The dielectric constam
was compensated for porosity with Weiner's rule.
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Low Electig Figld P .

The relevant dielectric properties are compared in Table X,
Al least four samples were used 1o calenlate the percentage change
in the dielectsic constant. The maximum dielectric constant (K00,
afier compensating for porosity with Weiner's equation{ 10}, is
plated in Fig.2. as a function of average grain size. Comparatively,
the Ky, 4 0f the samples from series B, changes as a strong function
of grain size. In both batches, Ky, reduces drastically when the
grain size is <lpm.

High Electric Field Properties

The effect of grain size on the P vs. T hebavior is campured
in Fig. 3 and 4. To plot these figures. the polarization was caleututed
from the pyroelectric current. fn relaxor ferroelectric nnterials, P
vs. T hehavior below the pyroelectric depolwization temperature, Ty,
reflects the degree of cohesiveness among macrodomains. Below
Ty. if the macrodomains are highly stable, AP with respect to AT
will be small. When the material is heated, the stable
macrodomains will convert into micradomains, over a narrow
temperature interval around Ty, In our investigation, the samples
sintered 1t higher temperatures show these behaviars very clearly.
When the sintering temperature is reduced, increasingly larpe
changes in P with regpect to temperature is observed betow Ty
More over, in these samples the macrodmmnains transfonm into
microdomains over a wider temperature around Ty Careful
analysis of P vs. T hehavior. points out the importince of proper
processing. In series C samples, as the grains were grown from
finer particles, the grain size effect is minimized.

The induced polarization and the transverse strain
characteristics of the fine grain samples from both batches show
degradition of properties. This observation is clemly denpmstiated
by plotting -dy* vs. E field, as a function of grain size (Fig. § anwed
6). These measurements were made at 25°C. When the grain size is
above 3 pin, a maxinum -dq;* of about SO0 pC/N is vbserved.
Wihen the grain size is reduced, the magnitude of maximum -dy*
reduces with an increase in the corresponding electric tield.

“The piezoelectric thickness coupling coefticients calculated
from the sesonance curves ohserved at differem o ¢ hiases are
plotted in Fig. 7 and 8. These measurements were mide it 25°C
with increasing hias voltages. In hoth baiches, coarse grained
samples showed increased coupling at tower electric fields. “The
ahsolute values of coupling cocfficients also increased as the gram
size is increased.

0.3 T
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Fig 3. Polarization vs. Temperaure behavior of batch B samples.
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Discussign

As mentioned in the intoduction section, the gram size
effect on the propertics may be mitributed 1o cxtrinsic and intrinsic
variables. I the present sionples, theoupl Guetul ancating the
ctlect of extunsic viriables are minimized 1o exampie, B2, B3,
B4 and C2, Ct, Cd samples with similar weipht losses ad
therefore with sunilar second phiase volume at the gram houndasy,
show noticeable differcinces in the low amd high eleciiic ficld
properties. A< observed in all the properies, Targe grain smnples
with lower denstty shwnw betier properties as compared to fine grain
samples with higher densities

Careful analysis of the the low and high electric field
properties show clear distinction between the properties of series B3
amd series C samples. Slight depression of Ty o mnd Ty in ceries C
samples may be aitributed 10 the higher concentiation of 7ot fons
as dopant] 1] Considering the average grain sizes of all these
samples, ranging from approximatedy 6.7 pm 1o only 3.5 pun, it
appears thit the sinteting temperature alsa influences the propeities
From the surface mea of the milled powders, the egquivalent
spherical disnecter of the series B oand sertes C powders e
calculated as (.23 g sud 0047 pan, respectively. Comgpraring the
grain sizes, it is clear that the zenies C sunples show at least 1S
times growth during <intering. Because of this geowth, it g
hypothised that these smuples are moie homogencous as comparesd
to series B sasmples  Thenee, the lesser influence of the average peain
size on the law and high field properties of series C samples may be
attributed to higher degree of homopeneity.

151

I thic paper, the dielectiic, pyroslectric, eledrostrictive, uud
the induced pieraelectsic propesties of O YOPMN-O WUPT ceranvc
are compared as a function of gran size. Comparatively, sumples
prepared from coarse particle compact show higher gram size
dependance.  When the average grain size is around 3.5 pm,
inrespective of the initiad powder characteristics, the ceramic show
simifar high electric field properties. Through transverse strain
measorciments, a high -dqg® of SO0 pC/N at a d ¢ bias of 4300
Vicm is nbcerved  When the smples were prepared from very fine
powders, the magnitudes of Koo -dyg®. amd kg reduces only
maodertely as the grain size is reduced to 15 pun. Since the effect
of extrinsic variables such as density and the grain boundary phase
are minimized through caseful preparation, the observed grain size
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This paper addresses the observed grain size dependence of the dielectric behavior for
Pb(Mg1/3Nb2/3)03:PbTiO3 ceramics grain sizes 1.0 um. A combined transmission
electron microscopy (TEM) analysis and dielectric characterization are modeled with a
modified brick wall approach. From this model, it is possible to extrapolate information
such as single crystal values of dielectric maxinum, Kp,,. the diffuseness coefficient, §,
and the average intergranular thickness for relaxor ceramics. The calculated intergranular
thickness agrees well with TEM observations, =2.0 nm. This semi-empirical method may

be potentially useful in developnient work of relaxor ceramics to predict the optimized
dielectric properties obtainable within microstructural restrictions.

I. INTRODUCTION

Complex lead-based perovskites, with the general
formula Pb(B,B;)Os, exhibiting diffuse frequency de-
pendent dielectric permillivities are commonly referred
to as relaxor ferroelectrics. A typical example of a
relaxor from this complex lead perovskite family is the
Pb(Mg;aNbyy)0; (PMN) compound. Solid solutions of
relaxor PMN and the first order ferroelectric, PbTiO;
(PT), exhibit many attractive properties for dielectric
and electrostrictive applications.! The high dielectric
constants, over broad temperature ranges, close to room
temperature, make systems like (I — x)PMN:xPT (x =
0.07) very attractive for multilayer capacitor (MLC) and
actuator applications. In several previous investigations
for the dielectric properties, including Ky, diffuseness
(the eflective width ol the maxima) and aging, have
been shown to be dependent on processing variations,
in particular the role of grain size on these properties.
These earlier investigations did not lead to simple inter-
pretation, partly because of the presence of second phase
pyrochlore.! The present paper successfully interprets the
structure-property relations in (1 — x)PMN:xP T(x =
0.07) ceramics, using good processing control, dielectric
characterization, and transmission electron microscopy
techniques.

Il. EXPERIMENTAL

Polycrystalline ceramic disks with the relaxor com-
position, (1 ~ x)PMN :xPT (x = 0.07), were prepared
via the B-site precursor method.? Both reagent grade
and high purity powders were used in this study. In
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processing the columbite precursor, the poor disper-
sion characteristics associated with magnesium carbon-
ate powders were addressed using both steric hindrance
{polyelectrolyte dispersant) and electrostatic repulsion
(pH adjustment by ammonia) in conjunction with high
energy milling. Upon calcination the appropriate amount
of PbO was added followed by mixing in a dispersant
and adjusting the pH to obtain minimum lead dissolution.
Calcination at 700 °C for 4 h produces the desired ingle
phase perovskite powder. Uniformity and reactivity of
PMN :PT powder were further enhanced by milling.
Grain size variations in the PMN:PT ceramics were
achieved by firing samples at different temperatures and
times, as reported in Ref. 3. Significant grain growth
through longer firing times was not found to be effective.

The dielectric measurements of ceramics were car-
ried out on an automated Hewlett-Packard System. The
dielectric consiant and loss were measured on cooling
at various frequencies (100 Hz, | KHz, 10 KHz. and
100 KHz) at a rate of 4 *C/min.

Transmission electron microscopy (TEM) character-
ization was performed after dielectric characterization.
Slices were cut from fired disks using a diamond saw
followed by grinding to a thickness of ~30 pum using
silicon carbide. A copper support grid was glued onto
the surface of each polished specimen using epoxy
resin. Electron transparent regions were obtained by ion-
beam milling the samples with an lon Tech argon beam
thinner opetating at an accelerating voltage of 5 kV
and at an incidence angle of 15-30". Finished TEM
specimens were coated with a thin layer of carbon in
order to pre' :nt charging within the electron microscope.

© 1993 Materials Research Society 1
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TEM observations were made with a JEOL-200CX
microscope and a Philips 420 STEM. both equipped
with a LINK systems energy dispersive x-ray spectro-
meter (EDS).

Ii. RESULTS
A. Physical and dielectric properties

The general characteristics of PMN:PT ceramic
samples as a function of thermal history are sumina-
rized in Table I. All the samples possessed densities
greater than 95% of the theoretical 8.11 g/cm’. The
\xexght loss during sintering was confined to the range
of 0.5--1.5 wt. % with slightly higher losses occurring
in samples processcd at higher temperatures. Annealed
samples and samples fired in BaZrO; sand showed only
marginal differences in weight loss. It should also be
mentioned that x-ray analysis of PMN:PT ceramics
were phase pure with no evidence of pyrochlore or PbO
phases.

The magnitude of dielectric constant K, (0.1 KHz2)
versus grain size (gs) is presented in Table I, and is
shown in Fig. 1 (both from Ref. 3). For all ceramics
studied, the Kn,, values are relatively high compared
to those reported in the literature; this is believed to
be owing to the overall care in processing. Clearly
the value of Kn,x for a given frequency increases and
the diffuseness of the dielectric temperature dependence
decreases with increasing grain size.

B. Microstructural analysis

Intergranular boundaries examined in samples pre-
pared in this study used standard TEM under focusfover
focus bright field Fresnel fringe contrast and lattice
fringe imaging techniques.** Under focus/over focus
Fresnel images of the grain boundary are shown in
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FIG. 1. Variation of the dielectric constant temperature dependence
(100 Hz) wuh a grain size in PMN: PT (0.93:0.07) ceramics.

105 125

Figs. 2(a) and 2(b), respectively. A typical latlice fir-
ing image of the grain boundary phase in a coarse
grain reagent grade sample is illustrated in Fig. 2(c). As
shown, {100} planes (0.407 nm) have been imaged in
adjacent edge-on grains, clearly showing a discontinuity
between the two sets of lattice fringes. The thicknesses
of those intergranular glassy phases were found to be
approximately ~2 * | nm with little measurable vari-
ations in thickness either along lengths of individual
boundaries or throughout each sample. This was also
found to be true for samples processed with excess
PbQO addition. It is important to point out that within
the bonds of our processing variables a grain boundary
phase was always found using these standard techniques.
This includes the starting powder purity, namely from
reagent grade to high purity powders (299.99%) and
the ﬁrmg of stoichiometrically batched PMN : PT under
conventional and hot-pressing and also after annealing.

TABLE 1. Processing conditions and general charactetistics of 0.93 PAIN: 0.07 PT ceramics.

Firing condition wt. loss % p (g/cm?) Gnain size Kmax Tou °C § (°C)
950 °C - 05h 0.5 7.4 L5 um 11 500 24 58
- 4h 0.7 7.83 20 um 13000 228 50
-48 h 0.6 7.88 20 um 20300 39
1050 °C -~ 05h 08 7.88 20 um 12600 20.6 57
{Zconute sand) (0.97) {14 800) 47)
- 4h 05 791 30 um 15700 20.5 44
-~20h I.1 1.89 3.0 um 18 8C0 222 43
1150 *C - 05h 0.7 7.87 30 pm t3500 19.7 48
{Zirconate sand) (0.87) {15100) 47
- 4h 10 7.88 30 um 17800 43
1250 °C - 05h V.1 7.84 50 um 17 500 44
-4 h 1.2 1.82 6.5 pm 20800 18.4 42
-20h 1.45 1.76 90 um 22800 il9 39
1300 °C - 05h 1.1 7.82 60 um 21000 18.7 41
2 J. Mater. Res., Vol. 8, No. 4, Apr 1993
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FIG 2. {a).(b) Under-overfocus micrograph images of grain boundary
phase in PMN : PT ceramics; reversal of contrast implies presence of
grain boundary phases. (c) Lattice fringe image of grain boundary
phase in PMN:PT ceramic.

A direct chemical analysis of the grain boundary phase
could not be obtained owing to the small scale of the
boundaries. However, the phases are most likely Pb-rich
due to the low melting poi-: of this constituent and the
recent SIMS study (Secondary lon Mass Specuroscopy)
by Wang and Schulze.®

Second phases were found at all triple points in the
coarse-grained materials prepared from reagent powders
regardless of firing condition or composition (excess up
1o 2 at. wt. % PbO). A representative example of triple
junction phase is shown in Fig. 3(2). The EDS analysis
revealed that the second phase was rich in lead and
contained impurity elements, Al, Si, P, and S, as shown
in Fig. 3(b). This result is consistent with the finding of
Gorton er al.” As the triple points are continuous with
the grain boundaries, similar compositions are expected
in the grain boundaries. Similar “dirty” triple junctions

Pb

] ] i

FIG. 3. (A) Glassy phase found at tiple point in reagent grade
PMN: PT ceramics. (B) EDS spectrum from triple point in reagent
grade PMN:PT.

J. Mater. Res., Voi. 8, No. 4, Apr 1993 3




C.A. Randall et al.: Extrinsic contributions to the grain size cependence

were observed in all reagent grade ceramic samples. We the relative importance of this effect compared to other
draw attention to the rounded grain boundaries at the  possible intrinsic effects, we need to consider the di-
triple points, suggesting that a phase was liquid during  electric permittivity's temperature dependence at fixed
sintering. Triple points of high purity ceramics were frequencies, as this allows us to also account for the
found to be clean and free of any second phase (Fig. 4).  influence of both K, and diffuseness with grain size
in the relaxor systems.

1IvV. DISCUSSION In some ferroelectrics such as BaTiO,, there is a
spontaneous strain ~1% at the phase transition. Within
a ceramic each grain stresses at its neighbor at the
transition and causes changes to the elastic boundary
conditions of each grain. These self-induced stresses
have an effect on the dielectric permittivity of the
BaTiO; grains. This is especially important in BaTiO,
ceramics with grain sizes ~1.0 um, as discussed in
detail in Refs. 9 and 10. In relaxor ferroelectrics there is
very little spontaneous strain, and, hence, intergranular
stresses are assumed to be negligible. So a relaxor single
crystal dielectric permittivity is comparable to the indi-
vidual grain electric permittivity for grains =1.0 um.

From the microstructural studies given here, we ex-
pect the observed continuous intergranular glassy phase
of thickness ~2 % 1 nm to reduce the dieleciric constant
of the 0.93 Pb(Mg,;Nb5)0;:0.07 PbTiO; ceramics.
There may be slight variations in the thickness of this
grain boundary phase owing to different crystallographic
orientations between adjacent grains, but there is no
evidence of an inhomogeneous distribution of a glassy
lead phase, as found in moditied Pb(Zr, Ti)O; ceramics,’

In general, a ceramic microstructure is a mixture of
parallel and series intergranular boundaries. The series
boundaries in this system will dominate the dielectric
constant owing to the small volume fraction of glassy

phase existing and the amorphous nature, implying a So Kf = K* where K* is the crystal
low dielectnc cor.rstam.re.flauve 10 ferroelecmg grains. dielectric constant. )
Hence, a series mixing law can be applied to this
problem in the form: The temperature dependence of a relaxor single crystal
; dielectric at fixed frequency can be described by the
1i_1 + 1 where R = <’_). n semi-empirical relationship of Smolenskii'':
K Kr RK® (re%) 2
o . d_ 1 (T Ta) ;
and where K* = dielectric constant of grain, 1 Kx 1K )
b 1 i ; K nx 251Kmu
K* = dielectric constant of grain boundary,
(18) = mean grain size, and where K* = dielectric constant of the single crystal
g gle cry
(1#*) = mean grain boundary thickness. relaxor,
K3., = maximum dielectric constant of single
. . . . max g
Qualitatively, we can expect a relative change of dielec- crystal relaxor,
ric constant owing to the variation of the ratio R with Toux = temperature corresponding to dielectric
grain size according to Eq. (1). However, to demonstrate constant maximum, and
8, = the diffuseness coefficient of single crvstal

relaxor.

The temperature dependence of the inverse dielectric
constant in relaxor ferroelectrics does not follow the
Curie—Weiss behavior in the region of the Kp,, in
relaxors.'¢

Combining Egs. (1), (2), and (3) allows us to model
the average dielectric constant K of the ceramic relaxor
as a“function of temperature:

_ 2
; = 1 + _I-L + (T_T!“_‘.’_)_ )
K Kz, RKe® 262K%,,
By equating (3) and (4), we obtain the dielectric mixing
law of the ceramic Kmiu 8s a relationship between the
series mixing of single crysial dielectric constant and
grain boundary dielectric constants.
RN S

Kow K&, RK®

E]
]

(5)
FIG. 4. Clear triple point in high purity PMN :PT ceramics.
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In addition, we ailso note that there 1: a constant
dependence of the diffuseness Kg,, product for a
given composition of relaxor ferroelectric at a constant
density,

5,2K;," = 62Emu- (6)

Hence 82Kpy is constant for all grain sizes (1/t,),
provided the only variations in & and Kp,, are owing
to an extrinsic grain boundary phase. For the PMN: PT
(0.07) ceramics studied here, we can observe in Fig. 5,
that 8?Kmax is constant for a broad range of grain
sizes, suggesting grain boundary thickness and grain size
dielectric constants extrinsically influence 82Kpax. Using
a plot of this type, we can extrapolate the single crystal
values of 6.K},.. _

To complement these results plotting 1/Kqux VS
1/{t,), as in Fig. 6, additional information can be ob-
tained from Eq. (5). The intercept of the y-axis gives
1/KZ,, and the slope corresponds to {#2"}/K,. Us-
ing typical values of lead glass for grain boundary
dielectric constant K, = 20 predicis an average grain
boundary thickness {f,5) = 1.8 nm. This theoretical pre-
diction agrees very well with the TEM observations
on these ceramic samples ~2.0 nm * 1.0 nm. Using
the intercept of Ki, = 29000 (at 100 Hz), we can
predict a corresponding diffuseness coefficient §, = 38
for single crystal PMN : PT (0.07). No single crystal data
of dielectric Kma or & are known for single crvstal
PMN:PT (0.07).

A technique for characterizing Ky, 8. and (122)
from dielectric data and grain size information is demon-
strated for an important relaxor ferroelectric ceramic,
PMN:PT (x = 0.07). This methodology may be of
use to the industrial ceramic processing engineer when
optimizing the properties of a given relaxor system in
which no single crystal data are availabie.
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Barrier Layer Capacitor Using Barium Bismuth Plumbate and

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsviv.nia

A new type of barrier laver capaciior is described utilizing
thin glass layers on highly conducting ceramics of barium
plumbate and barium bismuth plumbate. The frequency
dispersion of the apparent dielectric constant has been
explained using a modified version of the Maxwell-Wagner
model. These capacitors have a low temperature coefficient
of capacitance and a high dispersion frequency in the mega-
hertz range. Simple processing conditions together with low
firing temperature make it possible to produce the barrier
layer capacitors inexpensively.

I. Introduction

THE demand for capacitors of small size and large capaci-
tance has increased recently because of the rapid miniatur-
ization of electronic circuits. This trend is reflected in the
development and widespread application of muitilayer ceramic
capacitors' and barrier layer capacitors.’ Because of the lower
operating voltage, barrier layer capacitors utilizing a thin
dielectric layer have become feasible. A method of fabricating
barrier layer capacitors with highly conducting ceramic grains
is described in this paper.

Barrier layer ceramic capacitors are normally fabricated by
forming an insulating layer on the surface of the grains of semi-
conducting ceramics such as barium titanate.' strontium titan-
ate.* and modified compositions of the titanates described in
this paper.** They have been widely used because of their large
apparent dielectric constant ( 10%). small temperature coefficient
of permittivity, and high dispersion frequency (10° Hz).

In order to produce barrier layer capacitors having a large
apparent permiltivity, it is necessary ta sinter ceramic materials
so that the semiconducting ceramic contains grains ranging
from 50 to 100 pum in size.” To obtain disks of semiconducting
ceramic, a two-step process is often used.® In the first step, a
semiconducting ceramic composition is sintered and subse-
quently converted 1o a semiconducting state by heating in a
reducing atmosphere. Then either the surface of the semicon-
ducting disk is reoxidized. or an insulating oxide is diffused
into the disk. The disk is then electroded and lead attached to
form the finished capacitor product.

An important objective of the present work is to provide con-
ducting ceramic compositions for barrier layer capacitors which
have high permittivity, low loss factor. stable temperature coef-
ficient of capacitance, high insuiating resistance, and high cut-
off frequency at relatively low cost. The conducting ceramics

G H. Haerthing —comnbuting ednor

bt
Manuscript No 196371 Recerved September 9. 1991 approved July 8. 1992
Supported by the Center tor Dielecirics Studies. which is a consortium of lead-
g manufacturers of ccramic capacitors 1n the United States
Member, Amernican Ceramic Society.

2953

Barium Plumbate

Basavaraj V. Hiremath®

AT&T Bell Laboratories, Priniceton, New Jersey 08542

Robert E. Newnham" and Leslie E. Cross®

16802

selected for this investigation were barium plumbate and bar-
ium bismuth plumbate. These compounds belong to a family of
conducting perovskites.””

It is clear from Maxweill-Wagner dispersion theory that a
decrease of the grain interior resistivity will shift the capaci-
tance dispersion in the-direction of higher frequency." Because
the conductivity of semiconducting strontium titanate is higher
than that of semiconducting barium titanate ceramics. the cul-
off frequency of the barrier layer capacitors based on strontium
titanate is 100 times higher than that of capacitors based on bar-
um titanate."' The work described in this paper has shown thai
the cutoff frequency can be further improved in barrier laver
capacitors fabricated from more conducting barium plumbate
and barium bismuth plumbate compositions.

(1} Sample Preparation

Barium carbonate (AR grade, J. T. Baker Chemical Co..
Phillipsburg, NJ). lead oxide (100Y Litharge Hammond Lead
Products Inc., Pottistown, PA). and bismuth oxide (AR grade.
Fisher Scientific, Fairlawn, NJ) were used as starting matenals
to obtain various solid solutions in the series BatBi Pb, O,
where 0 = x = 0.25; the composition Ba(Bi, ,P'b.,)O, is desig-
nated as BBP and BaPbO, as BP. The batched matenals were
ball-milied for 10 h in a polyethylene jar using zirconia grind-
ing media ard detonized water. The slurry was dried at 110°C
for 4 h. The dried powder was calcined in a flowing oxygen
atmosphere for 12 h at 850°C as recommended by Giibert "
Oxygen was allowed to flow in a tube fumace at the rate of 0.07
standard cubic meter per hour (SCMH) or 2.5 standard cubic
feet per hour (SCFH). This powder was found to be single-
phase by X-ray diffraction. The calcined powder was apam
milled in a polyethylene jar for 8 h and the slurry was dried.
The dried powder was mixed with a polyvinyl binder and
sieved through No. 100-mesh screen to obtain free flowing
granules. The preweighed {about | g} granuies were pressed
into disks of 1.4 x 10" *mdiameterand | x 107*102 x 10"
m thick. The average green density of these pellets was about
S0% 1o 60% of the theoretical density. The green peliets were
heated at about 550°C for 6 h o burn out the binder. The pellets
were then sintered at 950°C for 30 min in an oxygen aimosphere
with a flow rate of 0.07 SCMH or 2.5 SCFH using a heating
rate of 100°C/h. Cooling was carried out by turning off the
power 1o the furnace.

In order to fosm a barrier layer, several glasses {see Table 1)
were diffused over the major surfaces of disks. The glasses
were powdered using a mortar and pestle and passed through a
325-mesh screen. The fine powder was then mixed with ace-
tone 10 form a paste. The pasie was brushed onto one side of the
ceramic disks and dried in an oven at 100°C for 30 min to dr.ve
out the acetone. The glass-coated disks were then heated 1n a
furnace at various temperatures in the range 400° to 900°C for
periods ranging from 5 to 30 min. After diffusing glass on one
major face of a disk, the other surface was also coated with
glass powder and the process was repeated. Goid was sputtered




Table I. Melting Points of Various Glasses Used in the
Fabrication of Barrier Layer Capacitors

Meiting point
Composition °C)
L1,0-3B,0, 800
Li.O-5B.0, 900
Solder glass* 560
Pb.Ge O, 750
EO’ 750

*Compovminon 1wl PbO166 ). B0 113 . ZnO) (1) S)_ALO3 ). BnO.
(2.0, CuO (2 M and S50, 12 01 “Supplied by Cuming Glass Works. Corming, NY,
and approximate composttion PHO-Ga O -8B,

onto the glass-covered disks to form electrodes on the major
faces.

(2) Measurements

The capacitance and dissipation factor of the barrier layer
capacitors were measured over a wide range of temperatures
(—55° to 150°C) and frequencies (107 to 10" Hz). To measure
the capacitance and dissipation factor at low frequencies (<{0*
Hz). automated LCR bnidges (HP4274A and HP4275A. Hew-
lett-Packard. San Diego. CA) were utilized. The lead wires of
the sample were connected to a test fixture which was directly
connected via a coaxial cable to the appropriate LCR bridges.
The lead capacitance was compensated by calibrating the
bridges under both the “shorted™ and “open™ conditions.

The fixture connected to the sample was placed in a copper
container which both provided physical protection and acted as
a heat sink. The temperature was controlied in an eiectricai
resistance box oven (Delta design 2300) interfaced to a desk-
top compuler (HP9816A, Hewlett-Packard) which controlled
the rate of cooling by regulating the flow of liquid nitrogen into
the oven. The same computer was used for on-line control of
automatic measurements through a HP6904B multiprogrammer
and an HP59500A multiprogrammer interface.

The dielectric constant and the dissipation factor for several
barrier layer capacitors of composition BP and BBP were mea-
sured at high frequencies (107 to 10" Hz) using the reflection
technique of an rf impedance analyzer (HP 4191A)."" This
method is based on the fact that an electromagnetic wave inci-
dent on a dielectric is partially reflected. A standing wave
results from the interference of forward propagating and
reflected waves, which can be related to the impedance of the
sample. The dielectric constant and loss factor can be calcu-
lated from the impedance by a lumped or distributed circuit
technique. The lumped impedance method assumes the electric
field to be uniform throughout the sample. This is especially
useful for low-K matenals in which the wavelength of the elec-
tromagnetic wave is much larger than the sampie thickness. The
distributed impedance method accounts for a significant portion
of the electromagnetic wave in the dielectric.

II. Resuits and Discussion

In this section dielectric properties and their modeling for
barrier layer capacitors of composition BP and BBP are dis-
cussed. A modified version of the Maxwell-Wagner model was
applied to explain the behavior of the apparent dielectric con-
stant and dissipation factor with frequency.

(1) Barrier Layer Capacitor of Composition BP

The dielectric properties described here were measured on a
disk barrier layer capacitor fabricated with solder glass (Table
1). Intentionally, a thick layer of about | to 2 mm was coated on
the barium piumbate ceramic as a conductor. The apparent
dielectric constant and the dissipation factor at room tempera-
ture were 60 and 0.03. respectively, at 10 kHz measuring fre-
quency. The variations of the apparent dielectric constant and
the dissipation factor with temperature are shown in Figs. | and
2. respectively. The dielecinic properties of the barrier layer
capacitor of this composition are attributable to the diffused
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Fig. 1. Vanation of the apparent dielectric constant with temperature
and frequency of the disk barrier layer capacitor of composition BP.

glass. The variations shown in Figs. { and 2 are typical of the
solder glass. At high temperature both the apparent dielectric
constant and the dissipation factor increase because of the 1onic
conduction in the glass.

(2) Maodel for the Barrier Layer Capacitor of Compositicn
BP

The classical Maxwell-Wagner model is used 1o explain the
variation of the apparent dielectric constant and the dissipation
factor with respect to frequency at room temperature. As dis-
cussed by Yon Hippel." the real (K') and imaginary (K" parts
of the dielectric constant are given by the following equations;

. . K

K = K,(l + m) {1
T Kot

. _ gt 5

K" =K. (w‘r,r, T m:'r:) =
where
K - K.

K= T 3

The parameters listed in Eqgs. (1) to (3) are defined in Table 1
where values were obtained from Fig. 3. These parameteny
were used to calculate the real part of the apparent dielectric
constant of the barrier layer capacitor. The measured and calcu-
lated values of the real part of the apparent dielectric constant
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Fig. 2. Variation of the dissipation factor with temperisture and tre-
yuency of the disk bamer layer capacitor of composition BP




Table T1. Parameters of the Lumped Circuit for the
Barrier Layer Capacitor of Composition BP

“Low-frequency apparent dielectric constant. K. = 60
High-frequency apparent dielecine constant. K, = 30
Cutoff frequency. £ = 2 X 10" Hz
Relaxationime v = 7.95 x 10 s
Refaxation time, 1, = 1.77 x 10" 's

Relaxation time_ 1, = 9.15 x 10 ¥

e —

are plotted as a function of frequency in Fig. 3. There is a good
agreement between the measured and calculated values. The
increase of the real part of the apparent dielectric constant mea-
sured at frequencies greater than 10" Hz can be attributed to the
measuring apparatus.

By assuming the known value of the imaginary part of the
apparent dielectric constant (K ") at the particular frequency. the
relaxation 11s 7. is calculated. Using the known values for K,
1. 1,. and 7, the dissipation factor tan & was calculated using
Eg. (4).

K"
tand = X (4)
The measured and calculated values of the dissipation factor are
plotted against the frequency as shown in Fig. 4. Here also the
calculated values agree very well with the measured values.
Again the rise in the measured dissipation factor at high fre-
quencies can be attributed 10 the instrumentation used.

(3) Barrier Layer Capacitor of Composition BBP

Disk barrier layer capacitors of composition BBP were fabri-
cated using the glass EO (Table 1). Figures 5¢a) and (b) are
scanning electron micrographs of a sintered disk of composi-
tion BBP before and alter glass diffusion. In Fig. 5(b), the dark-
colored phases are the conducting grains and are surrounded by
bright grain boundaries. The grain boundary is probably the
glass phase and its thickness is estimated lobe ) pm.

At room temperature, the apparent dielectric constant of the
barrier layer capacitor at 1 kHz was about 3000 with a dissipa-
tion factor of 0.02. The apparent dielectric constant {3000) of
the barrier layer capacitor was much higher than that of the bar-
ner layer capacitor fabricated with composition BP. The varia-
tion of the change of capacitance with respect to room
temperature 1s plotted against the temperature measured at )
kHz in Fig. 6. As we observe from Fig. 6, the bamier layer
capacitor has a very stable temperature coefficient of capaci-
tance; the variation in the measured temperature range is less
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Fig. 3. Calculated and measured values of the apparent dielectnic

constant vs frequency at room temperature for the disk barvier layer
capacitor of composition BP.
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Fig. 4. Calculated and measured values of the dissipation factor vs
frequency at room temperature for the disk barmer layer capacitor of
compositionBP. -

than 1%. It is lc be noted that the variation of capacitance with
respect to temperature meets the requirement of Class | type
dielectrics. The variation of the apparent dielecine constant
with temperature 1s Jinear as in the case of the disk bamer laver
capacitors made with composition BP, and 1s auributed to the
diffused glass. )

In an attempt to determine the reliability of BBP capacitors,
the hot insuiaticn resistance was measured at a lemperature of
85°C by applying an electric field of 100 V/m for 10 h. The
insulation resistance is plotted against temperature in Fig 7. 1t
is to be noted that the average resistance was 107 ) for the dura-
tion of the measurement run (10 h). The insu'ation resistance of
these bare.er layer capacitors did not decrease as rapidly as that
of the capacitors prepared from barium titanate ceramics. The
dielectric properties exhibited by the barrier layer capacitors of
composition BBP are those of the diffused glass.

(4) Model for the Disk Barrier Layer Cepacitor of
Composition BBP

As mentioned in the experimental procedure, several temper-
atures and periods of glass diffusion were used to fabricate the
barrier layer capacitors. In order to esumate the thickness of the
dielectric layer of the disk barmer layer capacitor. the two sur-
faces of the disk were polished graduaily and their surface con-
ductivities were measured using a multimeter (Micronta Digital
Multimeter Model No. 22-1984. Fort Worth. TX). When
approximately 100-um thickness of the surface disk was
removed, the polished surface became conducting, as indicated
on a multimeter by a short circuit. The other face also became
conducting when approximately the same thickness was
removed by polishing. This resuit suggests that the thickness of
glass diffusion on either side of the disk barrier layer capacstor
is about 100 pm.

The scanning electron micrograph shown in Fig. 5(b) is a
cross section of the dielectric layer which shows that the dark
conducting grains of 10-um size are surrounded by {-pum-thick
dielectric grain boundaries. Hence. in the disk barner layer
capacitor, we have two grain boundarv dielectrics on either side
of the disk separated by the conducting bulk ceramic of compo-
sition BBP. A schematic diagram of the barrier layer capacitor
depicting the grain boundary and surface barrier layers is shown
in Fig. 8. Equivalent circuits for a combination of two gran
boundary barrier layers adjacent to two surface barrier layers
which are separated by a conducting ceramic are shown in Figs.
9ta) and (b}. Figure 9(b) is the equivalent lumped circuit dra-
gram of the circuit shown in Fig. 9(a), in which the vanable
capacitance and resistor represent ihe dielectric phase of both
the grain boundary and the surface barrier layers. The fixed
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Fig. 9. (@) Equivalent circuit of the disk barrier layer capacitor and
tby its lJumped circutt diagram.

phase is the same as that of glass (30) and considering only the
contributions of grain boundaries. the apparent dielectric con-
stant of the boundary layers can be calculated as 300 using
Eq. (3).

At low frequency. the barrier laver capacitor behaves like a
surface barries layer with a dielectric thickness of 200 um. as
explained earlier. Applying Eq. (5) and using d. = 1800 pm
andd, = 700 pmand K, = 300, the apparent dielectnc constant
at low frequency is calculated to be 2700, which agrees very
well with the measured apparent dielectric constant shown in
Fig. 10

gThe calculated apparent dielectric constant and dissipation
factor are plotted against frequency for the barrier layer capaci-
tor in Fig. 11. Since the barrier layer capacitor has two contri-
hutions to the frequency response of the apparent dielectric
constant and dissipation factor. it is suggested that the fre-
quency response has two cutoff frequencies. The cutoff fre-
quency can be calculated using

_ad,
Joaus = 2mie K,

where K. is the diclectric constant of the dielectric medium. €,
is the permittivity of the free space, o, is the conductivity of the
conducting medium. and d, and d, are the thicknesses of con-
ducting and dielectric media, respectively. The cutoff fre-
quency for the grain boundary bamier behavior at high
frequency was calculated to be 4.4 % 10° Hz using Eq. (4) and

(6)
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assuming K. = 30, 0, = 6.67({l:cm) "' d, = l um.and d, =
10 wm. Similarly, the cutoff frequency for the surtace barrier
laver at low trequency s calculated to be 4 .2 x 10" Hz by
aking K, = 300, g, = 6.67 ({l-cm) ' o, = 1) pm. andd. =
1800 um.

The real part of the apparent dielectric constant for the bamer
layer capacuior in the frequency range 107 to 10" Hz, in which
the surface barrier layer behavior 1s assumed to be predominant.
was calculated as a function of frequency using Eq. (2) assum-
mg K. = 2700, K. = 300, and v = 3.56 x 107" s Simularly.
the real part of the apparent diclectric constant in the frequency
range 10° 10 10" Hz. in which the grain boundary barrier laver
behavior is assumed to be contributing 1o the real part of appar-
ent dielectric constant. was also calculated using Eq (2) and
assuming K. = 300, K, = 30.and7 = 3.95 x |0 "«

The dissipation factor for both the grain boundary and the
surface barrier layer 1s calculated as a function of frequency
using Eq. (3) and parameters k7. K., and 1 specthed eartier The
caiculated apparent dielectric constant and dissipation tactor
are plotted as a function of frequency in Fig. 11. At a frequency
of 10" Hz the contribution of the surface bamer layer 1o the
apparent dielectric constant drops off and then. at a frequency
of 10" Hz, the grain boundary barrier laver contribution drops
off. leaving only the contribution of the diffused glass

Figure 10 shows the measured values of the apparent dielec-
tric constant and the dissipauon factor for the bamer laver
capacitors. Comparing Figs. 10 and 11, we find that at low tre-
quency both the measured and calculated values agree very
well. The difference between the measured and calculated val-
ues at high frequency can be explained as follows.

In our calculation. we assumed the dielectric constant of the
barrier layer to be the same as the dielectric constant of the dit-
fused glass (~30). The glass diffused in the barium bismuth
plumbate ceramic may have a dielectric constant different from
30. Secondty, the conductivity of the conducting ceramtc phase
is assumed to be constant in both the surface and grain bound-
ary barrier layers. When the conducting banum bismuth
plumbate ceramic is subjected to the glass diffusion heat treat-
ment. the conductivity may change. Thirdly. the inductance of
the device becomes very important at high frequency (10" Hz)
especially when the reflectance method of measuring the
dielectric constant is employed. In the Maxwell-Wagner
model. the inductance of the device is not taken into consides-
ation when calcufating the real and imaginary parts of the
apparent dielectnic constant. In practice. even materials with
drelectric constants as low as ' <0 exhibit enormous mcreases in
dielectne constants at this frequency due to high inductance
One would expect this effect to be more promineat when mea-
suring the dielectric properties of the device which has an
apparent dielectric of 2780. The measured apparent dielectric
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constant and dissipation factor shown (n Fig. 10 increase enor-
mously at high frequency (10° Hz) as a result of this effect. The
measured apparent dielectnc constant does not decrease to a
very low value (300h  predicted by the model (Fig. 11). The
considerable increase in the measured dielectric at high tre-
quency ({0° Hz) may have atfected the value at low frequency
(10’ Hz). The peak in the measured dissipation factor (Fig. 10)
may be attributed to the instrumentation used.

111, Conclusion

This work showed that barrier tayer capacitors can be fabri-
cated using highiv conducting ceramics barium plumbate and
bismuth plumbate. These capacitors had a high frequency dis-
persion (megahertz) ot the apparent dielectric constant, a iow
temperature coefficient of capacitance (TCC) (<i%). and
maintained a high insulation resistance under accelerated relia-
bility tests in which the capacitors were subjected to high tem-
perature and high field simuitaneousty.

The frequency dependency of the capacitance was explained
by the Maxwell-Wagner model and experimental data fitted
fairly well with the predicted values: As predicted by the Max-
well-Wagner model. the dispersion frequency of the capacitors
was in the megahertz range.

The simple processing and low firing temperatures make it
possible to manufacture the barrier layer capacitors inexpen-
sively. The high apparent dielectric constant and low TCC
properties make these capacitors an alternative 1o conventional
barium titanate low-TCC capacitors.
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GRAIN SIZE EFFECT ON THE DIELECTRIC PROPERTIES OF
STRONTIUM BARIUM TITANATE

U Kumar. §. F. Wang, S Varanasi, and J. P. Dougheny

Center fnr Dielectric Studies
Muterials Research Laboraiory
The Penncyivania State University
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Abstiacts In this paper, the grain size r:_l.ied lleﬁefyetl on the
electric properties of S1y 3Bay gTiOSBT) ceramic is reponed.
;:m this study. SBT powder prepared by a hydrothermal procedure

ac used. A porous cermmic was prepazed by vintering the powder
w:,,,pncm hetween OO C-1350°C/Smiin - 100, either by
z:mvenlion:\l <intering or by ‘fast firing”. When the average gram
wze of the ceramic was between 0.75-1.2 pm. the room
jemperature dielectric constant peaks to S500-6000  In porous fine
gran ceramic also. classic P v E hysteresis behavior iz nbserved:

Introduction

Grain size effects on the dielectric properties of BaTiO1 has
heen an active area of rexearch over three decades Ever since,
Kniekamp and Hevwang{i] reporied the observation of
anmnalousty high room temperature dielectric constant oy BaTi(),
ceramiv with an average grain size of 1 i, <everal recearch
asticles appeared in the literature.  Careful literature review
jdicate that the observed grain size effect is a strong function of
ceveral extermal and a few internal variables. Effect of chemical
purity. preparation procedure. inttial particle size distribution of the
powder. final grain <ize distribution. resistivity of the grains and
the grain boundaries and the density of the ceramic eic.. should be
considered as extemal contributions to the dielectric anomaly.
Through careful preparation it is possible to miniize the effect of
external variables.

Wiile discussing the intrinsic effect. it is necessary to
consider the boundary conditions very carefully. Buessem et
al |2} prepared high density ceramic with varying grain sizes.
SEM analysis of the fine grain ceramic showed fewer ferroelectric
domams as compared to coarse grain ceranvic. It is well known
that in a coarse grain ceramtic, the volume change associated with
the cuhic 10 tetragonal phase transition is minimized through
domain formation. In fine grain ceramic. grains without multi-
domains will induce stress of complex nature on other grains

Anomalous increases in the dielectric constant of fine grain.

ceramic are explained as a direct consequence of the stress.

Arit et af . {3 on the other hand. observed that the domain
size is a strong function of grain size. Through SEM and TEM
observations. they observed an increase in the domain density
when the average grain size of the ceramic was between | pm and
1 ym  Addiuonally. the domain size reduced as a function of
grain size. They proposed that the increase in room temperature
dielectric constant is at least partially due 10 the increase in domain
wall densiry

Shaikh et al.. [4] observed similar anomaly in a porous
ceramic. Effect of density on the magnitude of dielectric constam
15 discussed in a paper by wa Gachigi et al {5] in this issue.

In fine grain BaTiOy ceramic, the tetragonal ta
orthorhombic transition accurs nearer to 25°C instead of 0 $°C.
Some of the observations, such as the difference in domain size,
splitting of <200> peak in XRD patterns are expected to be
influenced by the presence of the ornthorhombic phase.

To minimize the complications due to the orthorhombic
phase, it is desirable to investigate the grain size effect in BaTiOx-
based solid solutions Moreover, understanding the size effect in
tominercially important solid solutions such as Sr; B3, TiO,,

CH3080-0-7803.0465-9/9283.00 CIEEE

Ba(Zr,Tiy. )01 etc.. is essenuial to tailor the microstructute of fine
grain thin layer MLCs and thin fitms  In this paper. we describe
the grain size effect on the dielectric properties of St vBuy, g TiO
ceramic. We have used conventional and fast firug’ <chedules o
prepare cerarmics with differing densities. The size effects were
studied through microstructure. XRD, dielectric. and P vs. E
hysteresis behavior.

Experimental

For this studv. Sty +Bag g TiO4 powder. prepated hy
bydrothern.. " - - zedure. (Cabot Corporation. Bovertown, PA) wax

used. The B E. T. surface area of the powder is 14 6 m /g The
SEM micrograph of the powder (Fig. 1} clearly showus the <«ize
uniformity.

The powder was hiended with appropriate amount of PVA
solution and glycerol. Pellet preparation and binder ¢vaporarion
procedures are elaborated in Ref. [6]. Binder removed peliets were
sintered between L1(°C and 1350°C for Smin -1th in 2 clean
furnace. For conventional firing. heating and cooling rates were
maintained as 40°C/h. For ‘fast firing', the samples were heated in
950°C at a rate of 400°C/h. and then to the soak remiperature at
1O C/h. They were cooled 10 room temperature with a sinilae
schedule. Bulk density was measured only when the density of the
sintered samples were greater than 90% theoretical. For the rest of
the samples, geometrical densities are reported.  Procedure for
dieleciric and P vs. E measurements are etaborated in Ref [7{

Fig. 1. SEM micrograph of ‘as received SBT powder.
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Results and Discyssions

Densities of the siniered peliets are listed in Table |
Typical microstruciures of the samples simtered below 125(7C e
shown in Fig 2 As the particie size distribution of the Staring
puwder was narrow, the grain size distribstion of the <intered
ceramic also remamed narrow  But when the sintering 1empetatuse
was raised beyond 1250°C. abnormal gran growth nccured  Thys
it was not possible 10 prepare samples with unifonn gramn size
the range of 3-10 um

In Fig. 3., the temperature effect on the dielectric propenies
are compared  These K vs T plots are not compencated for
porosity. Higher room temperature dhelectric constant observed in
samples sintered a1 1200°C with an average grain size of 09 pn,
and 87% of theoretical density (Table 1), clearhy shows the
existence of grain size effect in SBT very sunilar 1o that ahcerved
in pure BaTiO3 Diclectric constant values at room temperature
and a1 T, of all the samples are compared in Tahte I To
compensate the values for porosity, Botcher's equation was used

10000

losa

Fig 2 Dielectric praperties of SBT cermmic sunered
(1 200°C/20h. by LMHY C/2h, 1y FI80°C/2h and oy 1380°C/TOR
solid lines are dielectric constant and doted lines are dielectnic loss
data measured a1 { kHz

Table I Phyacal and dielectric propertes of SBT ceramic
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Comparuig the porosusy vorrected vialues, at is clear that a peak
room temperature dielectne constant of SSO0-6000 15 observed
when the average gram vize of the ceramic 1< between 0 75-1 2 um
In Fig. dab, and ¢, the frequency effect nn the dielectric constant
of ceranuc with differing gram sizes are plotted Above T, K vs
T behavior is nearly independent of measunng frequency in all the
cases. In Table {. Curnie constaum of these smuples are compased
As seen the magmitude fatls within g narrow range of {417 2
1050y, In Fig 4b and ¢ tme gran ceramic show sinearnng of
dielectric peak at all thiee transiion temperatures  In table 1. o
of the transition temperatures are listed. When the average gran
size of the ceraunic 1s reduced from 10 pm 1o D 7 gm, the cubic to
tetragonal transition temperaure decreases from 67°C 1o 62°C.
whereas the tetragonal o onthothombic ransition temperature
raises from -2R8°C 1o 19°C Smce the dielecine peak
corresponding to the odburhombic 1o rthombohedral transition
occurs over a large tempeiature range i fine grain ceramuc. these
vajues are not 1abuliated

In Fig 5. the P vs E behavior of three samples is compared
As seen, in fine grain cernucs, the mduced polarization reduces
systernatically. But. since the density of thexe sumples are not the
same. only the general behavior <hould be concidered for
comparison. Even i a tine graun porous ceranuc, appearance of
the classic P vs. E hysteresis ix particularly noticeable. 1 Table §
P, and E_ values calculated fronr the hysteresis curves ase listed

In Fig 6 a and b, the polished and etched microstructures of
two of the sintered ceramics are shown  The samples were
polished slowly and carefully. so that the surface temperature of
the samples are maimamed alwivs nearer to room temperature Te
get a representative donun structure of the bulk. about 0 1-0 2 tun
thick surface laver was removed belore polishing. In Fig 6h,
domains in the fine gram ceramic is verv clearly seen. Since the
density of the smnples fired at temperatures below 1300°C were
low, it was not possible to polish them properly At present
eventhough the existence of mutti-domains i fine gram ceramic 18
clearly demonstrated, it is necessary to prepare dense ceramic to
quantify the domain size and the doimain density as a function of
grain size.
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nclust

Based on the experimental observations, the following
conclusions are drawn:

1 When the grain size of the ceramuc 1s between ! 75.1 2
um, the Kpp values peaks to $500-6(4)0

2. The Curie constant of the ceramic is relatively
independent of the grain size

1. In fine grain ceramics, suppression of Tc and
enhancement of low temperature transitions are clearly seen

4. Fine grain ceramics also show classic P vs E hysteresis
behavior.

S. Eiched and polished microstructure of fine gran porous
ceramic show multi-domain characieristics

To quamify the results, it is necessany 1o prepare dense
cermnics with differing average grain sizes ranging from 0 Jum to
10pin with narrow distribution
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PREPARATION OF DENSE ULTRA -FINE GRAIN
BARIUM TITANATE-BASED CERAMICS

U. Kumar, S.F Wang. and J.P. Doughenty

) Materials Rescarch Laboratory
The Pennsylvania Siate University
University Park, PA 16802

Abstract: Recently . we have sintered hydrothermal BaTiO, witly 3-5
‘;',l,’rm,()_‘ 1o very high densities at 8S0°C. In this paper, new
results on the eftect of lower concentrations nf“ Bi-Q); on the
densification and the dielectric properties of the BaTi0, ceramic wre
di;cussed As an gxpunsiug» ot this wqu. fivdrothermal
Sty 2Bag gTi07 was %m!cyul with 0-5 wt™r Bi1Oy hetween 850
1 250°C. When S wt? Bin()y was added. the powder compacts
antered 10 2 ‘hulk Qensity of >8.2 gms/cc. ot 954°C. The room
remtperature dielectric constat of this ceramic was 1500, and K vs.
T plot followed the ZSU industriad specification.

Introduction

In a recent paper| 1], by comparing the etfect of Bi+Oq on the
«niering hehavior of high purity BaTiO; powders prepared by
different procedures. good sinterability of hydrothennal BaTiO at
emperatures is low as 850°C was demonstrated By performing
XRD and DTA measurememts on these mixtures, the following
reaction sequence was identified:

{ BaTiOx + 10 BisGn

= S[(Bi;0q 8(BaO)y 2] + B2 TiOx (Eq. 1)
As the reaction products melt at 717°C and 847°C respectively, good
densification occurs at low temperatures through liquid phase
simfering

In a different paper|2]. the effect of Bi»O1 addition on the
microstructural development and the dielectric properties of the
sintered ceramic was discussed. For this work, hydrothenmal
BaTi0q powder compacts with 3, 5, and 7 wi% Bi>Oy were sintered
between 750°-950°C/2h.

In this paper. the results of the latest studies on the effect nf
BiyQ: addition on the densification. microstructure development,
and the dielectric properties of the hydrothennal BaTiQ; ceramic are
expiained. The result and discussion section of this paper is divided
into four parts. In the first pant, somne of the physical and electricat
characteristics of the ceramic are reviewed. In the second pan. the
efiect of smaller quantities of Bi,O4 on the densification und
dielectric proprieties of the BT ceramics are discussed. In the third
pant. the effect of Bi-addition during the hydrothenmal process on
the wicrostructural development is discussed. In the final pan, the
effect of Bi;0; on the propenties of Bag) gSrg 3 TiO;5 is analyzed.

Experinental

The surface area of the as received hydrothermal powders
{Cabot Corporation, Boyer Town, PA) were measured by BET
technique. To prepare the pellets. the hydrothermal powders were
mixed with 0-Swi% of Biy(y (Johnson Matthey, Seabrook, NH) in
an agate morter and pestie. Several 1/2" disks were prepared in a
steel die, by applying uniaxial pressure (335000 psi) at room
teniperature. Pellets with about 53% preen densities were prepared
by using 1.5-1.7 wt% PVA and 1.5-2.0wt% glycerol as binder and
plasticizer. Afier binder evaporation, the green pellets weie sintered
between 750-1250°C/0.5-2h in a closed crucible. The bulk density
of the well sintered disks were measured by noting the weight loss
m Xylene. Fractured microstructure of the ceramic was analyzed
with an SEM (ISI-SK1 130, Akashi Beam Technology Corp..
Tokyo, Japan). The dielectric praperties of the cerumic disk
samples were measured using a computer controtled LCR bridge
{4274A, Hewlett Packard. CO) system.
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Results and Discussion

Physical characteristics of the as received wie d
this study are listed in Table 1. powders used for

Table |. The properties of BaTiO1 Powders.

1.D | Composition | Additions | S.A Lol
{m/gnn (WS
BTI | BaTiOy | oo 8.54 8
BT2 | BaTiOx | 200ppm 7.96 bd
of Nb
BT3 | BaTiOr | 0 28wt 759 |
BixOx
BT4 BaTiO1 3wt% 3 A [,
BiyOx
BST20| BagSr-TiOy | «-meemee 14.5 09
Pant |;

The hydrothermal BaTiQO. sinters to high densities at low
temperatures. In Fig. 1 the shrinkage profites af hvdrothennal .o
non-hydrothennal high purity BaTi()y powder compacts with S w17
Bi; Oy are compared. In this figure. good densification of
hydrothennal powder compacts is clearly seen to nccur at about
750°C. Typical microstructures of the sintered compact are shown
in Fig. 2. When the samples were sintered between 750.1250°C
with 3. 5. and 7 wi% Bi:0:, irrespective of the sintering
temperature and the flux concentration, the average grain size of the
ceramic remained as 0.15-0.2 uin, which was also the initial parucle
size of BaTiO1 powder. Typical dielectric properties of the suveredd
ceramics are given in Fig. 2 A broad transition at around 110°C.
and the suppression of other lower temperature transitions are
typical of this fine grain ceramic  Though the dielectric peak
corresponding to cubic to tetragonal transimon is clearly detected.
roomn temperature XRD pattems of these ceramic did not show clear
splitting in <200> peaks.

o
«
o
-
P4
<
[ a
& -1o0f
™~
b
-20 -+ L
(4} 500 1000
Temperature °C
Fig 1 Shrinkage profiles of (a) high purity BaTiOy (Transelcon

+ Sw1%B1 01 and (b) BT2 + 5wt% B0y
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Fig 2 Typical microstructure of BT sintered with B12O0a. This
microstructuse represent the fracture surface of BT2 with
Twt%Biy0Q73 sintered at 850°C/2h.
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Fig 2 The dielectric propenies of BT2 ceramic with Swit%

B1701 sintered at various temperatures; (23 K vs T and

(hrran § vs T. the propenies were measured av 1kHz
Sunering temperatures of ceranncs are (1) 750°C. (2)
RONC. (3) RSO°C. (4) W0°C. and (5) 950°C. The

magnitudes are not correcied for porosity

Part 2.

In this section_ the effect of smaller concentrations of BisO,
on the properties of BaTiO; ceramic is discussed To achieve good
densities i these ceranucs, it was necessany to sinter the compacts a
higher temperatures  Even after sintering at (250°C, the
microstructure of the ceramic looked very synilar to that shown
Fig 2 InTable 2. some of the physical and electrical charactenstics
of the sintered ceramic are listed. The dielectric properties of the
cerainic showed qualitatively sunilar behavior as seen in Fig 3.
Since the liquid phase volume is low. higher T, and Ky afe
observed. In these ceramic also. the dielectric peaks comesponding
to lower temperatures transitions are also suppressed

Tahle 2. Physical and dielectric properties of BT1 and BT2 ceramic
with | wt% Bi,03.

-frequencies ar all temperatures

L. D| Sint. | wrloss {Bulko | Kpmay [ Tmax | KrT{Tand
Temp % gwce (C)
CMm) +2% |@ lkHz
BTij1150/27 1.09 499 3IRS 127 1300110 017
1250/4 1S5 §.52 5820 127 200010 032
BT2|1150/2] 1.43 5.61 S8 121 AT ECRI LR
1250/2] 1.50 5.79 7075 123 265010.019
Pant 3.

In two batches of BaTiO,. Bi-ions were introduced during
the hvdrothenmal processing  To intsaduce Bitons in the structure,
an appropriate amount of Bismuth 1 the mtrate form was added
during the fonnation of Tianum hyvdroxide]3] To this mixture,
Ba- solution was added for the BaTiO\ fonnation. Due to the

complexity of the reaction, the nature of Bit*addition is unknown
In the XRD patterns of the reacted powder. few additional
diffraction peaks other than the major BaTiQy peaks were detected
These peaks with feable intensities could not be matched 1o any of
the Bismuth Titanate or Barium Bicmuh Titanium Oxide
compounds, unambiguousty The concentration of Bi-ion listed in
Tahle 1. was calculated through atemic absomprion spectroscopy
The powder compacts were sintered belween %K™ 1256°CAN 5.3
The density and the weight lass daia of the simered compacts are
listed in Tahle 3. 1t is necessary 1o increase the simering teriperature
above 1000°C 1o ack'eve sufficiently gond densities  When the
samples were sintered over a platnum sheet, compasatively better
densities were observed at lower temperatures  But the bottom
surface of the ceramic. especially in BT4, was bright vellow in
color, indicating the segregation of liquid phase. This observation
wndicaies that the viscosity of the liquid i< fow.

The microstructure and the dielectric propernies of 3 w1% Bi-
added sampies are very similar to that shown in Fig 2 and Fig .
But the properties of 0.3 wi% Bi- containing samples showed
marked differences The microstruciural evaluation as a function of
sintering temperature is compared in Fig. 4a. b, c andd When the
samples were sintered bevond 1050°C. the average graim size of the
ceramic increased 1o >thum, In K ve T plots. dietectric peaks
corresponding to three transitions could be desecied ven clearty  In
Table 1. some of the diclectric properies are listed The dielectric
properties of these samples varied as a function of measuring
Careful analysis of the
microstructure. density, and the dielectric properiies of the ceramic
as a function of simering temperarure and time widicate the gramn
growth mechanism is domnamiy ditfusion controlied in natu. e
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Table 3: Physical propentiies of BT and BT4 ceranuc

I.D. | Sint. Setter | Wi Joss | Bulkp
Temp
‘Ch % grmjce
BT3 | 1000/0.5 ZrO, 0.78 4 40
10640/1 2r0; 058 4 54
TOKHY/2 Zr02 ().82 S30
10600/3 2Zr, ORI 5.28
105071 | zr0s | 0ss 5.28
1050/1.51 270, | 084 536
105072 7502 107 S 60
now2 | zo, | 118
115072 ZsQ02 137 5 &S
120072 Zr02 137 568
1250/2 2102 .34 568
BT4 | 85012 P 06 459
Bsv2 | z70, | 092 476
900/2: L ] 163 4 YR
95072 Pt 0 66 sS4
§000/1 210, | 092 522
o2 | 270, | 1.36 582
12002 | 270, | 176 5.89
1250/2 | 2:0, | 203 591

Pan 4.

In the Bay gSr(, 2TiO1 (BST) powder used for this
investigation, small amount of carbonates were detecied through
XRD patterns  In a separate paper presemted in this conference. the
effect of grain size on the Jiclectric praperies of pure poraus
ceramic is discussed. In that study, the smallest average gram <ize
achieved through conventional sintering was 0.2 pm. and i thys
ceran ic, dielectric peaks cofresponding to three transiions are
clearly identified

The densification behavior of BST as a funcuion of flax
conceimration and the sintering temperatures are represented in Fig
S. Primarily because of the presence of strontium. if is necessary 10
simter the ceramic with higher flux concemrations and at fugher
temperatures. K vs. T plots of the flux added cesamic are grven
Fig 6 and 7. Suppression of dielectric peaks at the transition
teinperatures are clearly seen XRUD patiernc of these ceranuc failed
10 show sphitting in <2(0U> peaks due to teiragonality
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onciusione

I When smaller amount of Bi-O: was added in
hvdrothermal BaTiO:. to achieve high density, 1t was necessany to
sinter the conmpact at higher temnperatures

2. Addition of Bi»O during the hydrothermial preparation of
BaTiO,, produced an unidentifiable Bi-based second phase To
achieve high densities, even with 3 w17 Bi;0q. #f was nzcessan 1o
sinter the compacts beyond 100°C. This observation indicates the
imponance of processing procedure.

3. When the Bi;03 concentration was reduced to .28 wt'7,
good densification. accompanied with grain growth occurs bevond
1000°C.  Careful consideration of weight loss observed during
sintering. grain growth and the dielectric properties supgest thot the
densification is accomplished dominantly by grain boundary and
bulk diffusion mechanisins

4. When 5 w1% BiyO1 was added 10 Sryy 3Bag, gT10;
powders, the compacts sinter to buik densities >5 2 gms/cc at
950°C. Percentage changes in TCC calculated from C vs. T plots of
this ceramic show Z5U industrial specifications, with a room
temperature dielectric constant of |8 By changing the particle
size and the concentration of the Bi;O 1. it appears that it i< passihle
to reduce the sintering temperature 10 850°C. which 5 the typical
thick fim processing temperature.
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DIELECTRIC BEHAVIOY OF FERROELEUTRIC

THIN FILMS

AT HIGH FREQUENCIES

J. Chen, K. R. Udayakumar, K. G. Brooks, and L. E. Cross
Materials Reseurch Laboratory
Pennsylvania State University
University Park, PA 16802

ADstrag

‘The high frequency dielectric response of sol-gel
derived lead zirconate titunate (PZ1) thin filims has
been investigated. Conceptualizing the presence of
interface layers was coitical in explaining the diclectric
measuterments. By a carelul contiol of the processing
parameters, aided by rapid thermal annealing, the low
frequency diclectric charactersistics could be sustained
upto a GHz range.  Bag sS1o sTiO 3 which s
pataclectyic at toom emperatuie appears to be a
potential candidate material for high fiequency
applications.

Ingroduction

In these modern times, many and varied are the
applications of high fiequency diclectrics; in high
resolution/  digital  communication  devices
encompassing  cellular  phone  and  sateliite
comumuynicatons, in micreclectionics and packaging
for high speed switching mode power supply, in
frequency sensors for microwave detection, o plainly
list but a few. Dielectrics qualifving lor such
applications must possess lugh diclectric pernittivity,
low dissipation loss, and low tempesature coclficient
of electrophysical properies. Feriovlectic matenals,
which constitule a unique subcliss of diclectrics. while
very promising in satisfying these gencral attnibutes,
sulfer fram a diop in the diclectnic constant at 2
characteristic fregquency, asciibed 10 the piezoeleciric
resonance of the crystallites as well as the ineitia of the
domain boundaties;  other plagsible explanatious
advanced for the phenomenon include the existence of
imnterface layers at the lilme-electrode boundary,
impurities in the film, and grain impetfections as also
grain boundaries. At still higher frequencies, an
additional drop in the relative penmittivity may ocour,
assigned generally 1o diclectiic relaxanon.  in
paraciectric materials, no prezoclectnie resonance can
oceur if the phase 1s centrosyimmetric: the clamped and
free diclectic constant, which refor to the dielectne
constant at hrequencies above and below prezoelectnic
resonance tespectively are cquad to one another. At a
given high trequency, dhiclectie rebaation cin still
cause a Ldl i the diclecine penmittivity in tlas aon-
polar phase.
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Shifting the focus from the confines of the bulk
materials to the dielectric behavior of ferroelectric
thin films at low-amplitude a.c. field of high
fiequencies, as in the present study, the dominant
factors that inlluence refaxation appear to be connecled
to the presence of interface layers. and grain
imperfections.  For, first, these films have been
characterized by very small grain sizes, in the 0.1-0.2
pum range [1,2], that has the effcct of displacing the
threshold frequency due to the piezoelectric clamping
of grains or domains to higher levels; and second,
fabrication of the films through the sol-gel process
ensures maximal chemical purity. This study will,
consequently, argue that the dielectric dispersion in the
1 Mliz to several Gliz range stems from the presence
of barrier Jayers and prain imperfections, both of
which can be syuarely tinked (o the lilm processing.

tesulis and Viscuss

The PZT films used in the study were of the
morphotropic phasc Soundary composition (with a
Zo/Ti mole ratio of §2/4R), fabricated by the sol-gel
spin-on technique. Fhe details of the film fabrication
as well as the stiuctural and electrophysical
characterization of these films have been outlined n
Refs. 1 and 2: the dieiectric and ferroelectnic property
measurements were  limited to the radio frequency
range in these earlier studies.  For dielectnic
measurements in this study, a high [requency
impedance analyser (HP 4191A) was used.  All the
films were rapid thermatty annealed at temperatures
and times as specilied.

Fig. 1 is a plot of the dielectric peninittivity as a
function of frequency for a 0.385 pm thick PZT filin,
rapid thermally annecaled in the temperature range of
OO0-BO0C {or 60 seconds. Tt ts patent from the (igure
that with tncreasing anncaling temperature, the
refaxation frequency decreases systematically;  of
greater impant is the precipitous tumble i pennittivity
1o ahmost a cipher at this frequency. While tus fatter
point s seenungly halfling at first plance, the
frequency response of the measured dielectric constam
and the corresponding impedance spectrum from the
cquivalent circutt madel, based on properties of the




film core, the electrode, and a series resistanice |3},
lends a modicum of understanding 1o the anomalous
dielectric behavior.  Sayer et al. {3 postulated the
formation of an interface luyer at the top clectrode-
film boundary and the film-substiate boundary; by
varying the internal barri-  layer thickness from (.01

Bm to 0.5 um (the div rbed layer at both the

interfaces are lumped) on a film of ! pm towl
thickness, the dielectric constant was compuied, which
has been reproduced here as Figure 2. Scrutiny of this
figure, and its juxtaposition with Fig. |, reveals a
striking similarity, tempting the speculation oi the
presence of interface layers of increasing thickness
with increasing severity of annealing of the films. As
observed by the awthors |3), the calculated higher
dielectric constant for films with thicker barrier layers
might be related to the assumption of the  full
thickness of the film in- the computations, when in

1000

500

Dielectric Constant K

meld_q.wtmwd_imwawuu
10 w10 10t 100 10
Frequency (iiz)

Fig. I High frequency dielectric response of PZT thin
filims, annealed 600-8000C at a constant dwell time of
60) seconds. Note the systematic change in the
relaxation frequency with annealing temperature.
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Fig. 2 Computed diclectric constant of & 1 pm filn
with varying internal barrier thickness; the tiue vadue
of €=1000 (reproduced from Sayer et al. [3])
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Fig. 4 Relaxation frequencies determined for filins of
varying thickness shows a diop for thinner films,

readity, it should be smaller by a thickness equal to that
of the distutbed layers. o our earlier sindy (1], the
high frequency diclectic rebaxation was alluded to the
tormation of Jow gesistivity surface layers whose
resistivity changes with the annealing condstions; {rom
Fig. 3, it is apparent that higher anncaling tempeature
results in lower resistivity of this anomalous layer.
Mamntaming the samie processing parameters, dieleciric
relaxation frequencies of Lilms varying i thickness
from 1S pm to 0.75 pm were determined (Fig. 4).

thinner fitms e privy 1o lower relaxation
frequencies, indicating heightened sensitivity 1o the
imderface laver formanon When the thermal budget
was reduced duting anncaling by lowerning the dwell
nme from 60 secomds 1o HE seconds, there was no
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Fig. 5 Dielectsic peimittivity plotted as a Tunction of
frequency for various annealing teaperatutes but with
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Fig. 6 The frequency chiacteristies of ferroelectig
PZT Litms (an, and paraclecic BST hilms (), note
the non-dispersive behavior upto the measused
frequency of 1 GHz by a cnctul contiol of the growth
of the mterfuce layer,
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evidence of relaxaton e (ihins annealed at SO0 10
ODOPC (e, 5y interface fayer growth may thus be
controtled to climmate low frequency dielectric
dispersion. Extending this theme, by manipulatimg the
processing pacameters, the low ficquency dielectnic
permittevity and foss of the PZT filims could be
sustamed upto a GHz, as shown in Fig. 6a. A sohd
salution system embiacing compositions  that s
paracicctiie at room temperature is the (Ba, Se)yTioOn
(BST) system:  specilically, thin filins in the BST
system, of composition corresponding to a Ba/Sr mole
tatio of 50/50, fabricated by the sol-pel chemical
techmique, revealed dispersion-free  diclectnie
charactersisics (Fig. 0b) lor measmements vpto a
GHz

Sunimary

Eatlier studies of both bulk ceramics and tun
films has shown that the wility of ferroclectrics for
high frequency applications is limited on account of
the dielectric dispersion at | MHz to a few hundred
MH7 dependimg on the specific material, ‘The present
endeavor hus shown that by a deliberate interploy of
the processing paametess, diclectric relaxation i the
P71 tilims can be prevented opto a GHz. Films that
are ferroelectiie at toom temperature ase inirinsically
subjected to relaxation due to the pieczoclectric
clamping of grains or domains, and the inertial
response of domain wall movement. It would
therefore appeas prudent to examine the feasibility of
fms that are paraclectsic 9t voum 1emperature for
high frequency applicattons: Bag sSto s TiO 1 fals in
this category, and the fist results are indeed
pronusing.
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The crystal structure of BaTiO; thin films fabricated by
RF-magnetron sputtering has been investigated. As-
sputtlered films exhibited a cubic structure with a small
grain size of abount 6-8nm. After annealing at a tem-
perature above 1100°C, the crystal siructure changed
from cubic te tetragonal, because the annealing
process caused grain growth. The critical grain size of
the thin filns which provided the cubie structure exist-
ed in the range of 0.1-0.2 ym. This value agreed well
with the critical grain size of BaTiO; fine particles,
0.12 um.

Key-words : RF-magneiron sputicring. BaTiO; thin film,
Annealing process, Critical grain size, Phasc transition

1. Introduction

With increasing the demand for ferroelectric thin
films for the applications to optical wave guides, non-
volatile memories and so on, many studies have been
attempted using RF-sputtering and other thin film
fabrication techniques.!’-#! However, ferroelectric
films fabricated by these methods frequently have
not shown so good ferroelectri ity as seen in butk sin-
tered ceramics or single crystals. Although many
researchers have attempted to give explanations to
this phenomenon, they have been insufficient so far.

Nagatomo et al. have reported that the ferroelec-
tric BaTiO; thin ilm could be prepared at a relative-
ly low substrate temperature of 700°C by using RF-
planar-magnetron sputtering, however, the ferroelec-
tricity of those films was weak or absent for the fine-
grained film, and it was necessary to anneal at
1000°C in order to obtain ferroelectric BaTiO; films
with high quality.?¢ They have explained these
phenomena by the 90° domain model suggested by
Arlt et al® Jlowever, the reason why the fine-
grained film exhibits cubic symmetry and non-ferroe-
lectric properties has not been discussed.

The purpose of this study is to clarify why the as-
grown BaTiO; thin films do not show ferroelectrici-
ty. Our discussion is based upon the “critical gran
size” miodel.

We have reported the particle/grain size depen-
dence of ferroelectricity for powder and polycrystal-

line samples of BaTi0O,, and clarified that both the
tetragonality, ¢/a, and the Curie temperature, T,
are decreased drastically at a particle size of 0.12
um.® Fine particles less than this critical grain size
will not exhibit ferroelectricity because the crystal
lattice becomes a cubic structure.

In order to explain this phenomenon, we have
proposed an “effective surface tension” model 57 A
fine particle with R in radius experiences a hydrostat-
ic pressure of 2y/R (y: surface tension), and this
hvdrostatic pressure decreases the Curie tempera-
ture of the particle down brlow room temperature
and changes the structure into cubic. It is interesting
that the revealed in perovskite ferroelectrics ({Pb,
Ba)TiO;, (Ba, SriTiO3) shows an almost constant
value of 50 N/m. This extraordinarily large value
has not been explained vet, however, it may be at-
tributed to the surface layer generated by the perma-
nent dipoles.

2. Experiments

2.1 Sample preparation

The BaTiO; flm was deposited by using an RF-
magnetron sputtering svstem (Anelva, SPF-
430HS). Corning 7059 and {used quartz substrates
with 15mmx15mmx1 mm in size were used.
All the substrates were cleaned by using
trichloroethane (TCE) and acetone. and then placed
in a stainless steel holder by clips prior to film deposi-
tion. The target had a stoichiometric composition of
BaTiO; with purity of 99.9%. The size was 100 mm
in diameter and 5 mm in thickness. The sputtering
conditions are summarized in Table 1. The thick-
ness of the sputtered filins was more than 2 um,
much thicker than the gran size.

In order to control the grain sizce the as-sputtered

Table 1. Summary of sputtering conditions.

{‘ substrate temporaturs room temperatyre uoo‘?cmjl
R¥ power 200w E
Taroet.  subzlrate distance 4) - 10mm !
Gas presqyre 6.8 - 2.0FPs !
Aputtering time Inrs &




thin films were annealed at the temiperature range of
600°~1200°C for 12 h. Chemical analysis of the com-
position was made by the ICPS(Inductively Coupled
Plasma Spectroscopy) tnethod and the Ba/Ti ratio
was proved to be nearly 1.0.

2.2 Measurement

An X-ray diftfractometer (JEOL, JDX~11PA) was
employed to examine as-grown and annealed thin
filns. The crystal symmetry and the consequent lat-
tice constants of samples were calculated by averag-
ing the {100} and {200} reflections of the BaTiO;
perovskite cell. Average grain size in the range of
sub-micron was determined from SEM (Hitachi, S-
900) micrographs using a line intercept method. In
the range of grain size of nano-meter Scherrer’s
equation® was used for {100} peaks. The grain sizes
determined by SEM and X-ray diffraction were
almost the same (=~0.1 um) for the sample-annealed
at 1000°C; this suggests that the crystallite size
almost corresponds to the grain size.

3. Results and discussions

Figure 1 shows the X-ray diffraction patterns of
as-grown films sputtered at the gas pressure of 1.0
Pa for various substrate temperatures. The film sput-
tered at room temperature showed an amorphous
phase, but the film fabricated above 500°C showed a
crystalline phase. The lattice constant decreased
with the substrate temperature from 4.15A at 500°C
down to 4.07A at 800°C, but it was still larger than
that of sintered BaTiO; (a: 3.989A, c: 4.029A).

Only two peaks due to the preferential orientation
along {100} appeared and the preference did not
change significantly with the substrate temperature.
This result is different from previous researches. It
has been reporied that if the mobility of atoms dur-
ing deposition is high (i.e.. at a high substrate tem-
perature), the films grow with the orientation of
{110} due to its highest occupatinn density com-
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Fig. 1. XRD patterns of films sputtered on the substrate at vari-
ous temperatures.

pared Lo the other planes with low indices.?'* The
decrease in the X-ray intensity and the peak broaden-
ing for the substrate tempcerature of 800°C seems to
be caused by the slight mis-orientation due to higher
substrate temperature.

The samples were annealed at various tempera-
tures to increase the grain size so that they were com-
pared to the fine grain ceramic BaTiO;. Figure 2
shows the XRD patterns of {200} reflection of films
annealed at 1000°, 1100°, and 1200°C. The diffrac-
tion pattern of the film annealed at 1000°C shows a
symimetrical pattern. On the other hand, the peak of

200}

AN

/ \ T=1100°C

T=1000°C

Intensity {a.u.)

(002
T=1200°C
el 1 i L P S
43 44 45 46 47
28 tdea)

Fig. 2. XRD peaks of the 1200} reflections of BaTi0, annealed
at various temperatures.

ous temperatures.
(a) 600°C. (b 1000°C, (¢} 1100°C. td) 1200°C.
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the film anncaled at 1100°C or 1200°C skews to the
right side from the center, revealing an additional
peak at a lower angle. This secms to be altributed to
the appearance of the (002) peak, although the peak
was not entirely separated from the (200) peak. In
conclusion, the phase transition from cubic to
tetragonal was caused by thermal annealing at the
temperature above 1100°C. The microstructure of an-
nealed samples was observed by using SEM and the
results are shown in Fig. 3. By the annealing
process, the grains grew from about 40nm to 350nm.

Figure 4 plots the relationship between the grain
size and the annealing temperature, where the crys-
tal structure is also indicated. The crystal structure

was cubic below 0.1 ym in grain size, and telragonal -

above 0.2 um. Therefore, it is shown that the critical
grain size might exist between 0.1 and 0.2 um. This
result agrees exactly with that obtained by the study
on the particle size dependence of the crystal struc-
ture of fine powder BaTi03% where the critical
grain size was indicated to be 0.12 um. The grain
size of as-sputtered thin films ranged over 6-8nm in
this study lijima has reported that the grain size of
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Fig. 4. Relationship between grain size and annealing tempera-
ture. The crystal symmetry is also indicated.

cvaporated BaTiO; thin films ranges over 35-70nm
and the film without heat-treatment did not show any
ferroelectric properties.® Although there are some
differences among these values due 1o fabrication
methods, both of them are below the critical grain
size, 0.12 um. Accordingly, it can be thought that the
cubic structure and non-ferroelectric properties of
as-sputtered films are attributed to the small grain
size.

4. Conclusions

The results of this study are summarized.

(1) As-sputtered films prepared on the substrate
of 500°-800°C exhibited a cubic crystal structure.

(2) The crystal  structure of sputtered films
changed from cubic to tetragonal after annealed at a
temperature above 1100°C.

(3) The critical grain size separating cubic and
tetragonal phases existed in the range 0of 0.1-0.2 um,
and was in good agreement with the critical grain
size of 0.12 um determined from the fine powder of
BaTiOs.
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SIZE EFFECTS IN FERROELECTRIC
THIN FILMS

ROBERT £. NFWNIHAM, K. H. UDAYAKUMAR,
AND SUSAN TROLIER-McKINSTRY

INTRODUCTION

Beginning with work on the melting behavior of metads, it has been reported
that many phase transitions are susceptible (o size cflects. The melang porat of
butk gold, for example, is 1337.58 K, but this temperature drops vapidly for grain
sizes below 100 A (Fig. 36.1). This decrease in the phase (ransition temperature
has been attributed 1o the change in the ratio of surface energy 1o volwme energy
as a function of particle size, Vhus, for spherical particles of radius r, the melting
temperature can be predicted from [Eq. (36.1)])

AUV - AS 1, dV —adA =0 (36.1)

where AU and AS are the changes ininternal encrgy and entropy onmeling, o is
ng pefincal ey between the iguid and the solid, and 1, is the melting
temperature of the particle. H AS and AU are temperiture independenm oenCne
difference between the bulk and small- particle melting temperitures is inversely
proportional to the particle radius according (o

Ty—T,  2a

) = . 16.2
Ty plar ( )
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Figure 36.1. Melting temperature of gold particles as a function of size. Taken from Ref. [1].

where L is the heal of fusion, p the density, and Ty the bulk melting point.

It is interesting that many types of equilibrium phase transitions display
comparable size effects. In addition to the data on ge'd particles, the melting
temperatures of copper [3], tin [4], indium [5], lead, and bismuth [2] particles
and thin films have all been shown to be size dependent. Similarly, the
superconducting transition depends on size both intrinsically {6, 7] and extrinsi-
cally if the stress exerted on the superconducting phase is diflcrent at diflerent
sizes [B]. Superluid transitions in He-im__ .ated powder compacts and thin
films also depend on cither the filtm thickness or the size of the pore diameter {9].

in ferroic malerials, both the presence of domain walls and the ferroic
transition itsclf arc influenced by crystallile size. Wlile this has not previously
been critical to most applications, with the growing importance of thin-film- and
small-particle-based devices, it is becoming important to understand the size
cflcets expected in ferroic matcerials.

REVIEW OF FERROIC SIZE EFFECTS

In brief, we expect Tour regions in the size dependence of ferroic properties (Fig.
306.2). In large crystallites. multidomain effects accompanied by hysteresis take
place. Reductions in size lead to single-domain particles and, at yet smaller sizes,
to destabilized ferroics with large property coefficients. Finally, at sufliciently
small sizes a reversion to normal behavior is expected at the point where there
arc simply too few unit cells to sustain cooperative behavior. Similar transitions
with sizc arc expected in secondary ferroics. As an introduction to the intrinsic
size eflects in ferroelectric films, it is instructive to review what is known about
the transitions between regions in ferroic particles.

Beginning with the larger end of the size spectrum, it is well known that large-
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grained ferroic ceramics exhibit complex domain structures that are bordered by
several types of domain walls. As the size of the system decreases, however, the
volume free energy necessarily decreases as well, and it becomes increasingly
difficult to support the free-energy term associated with domain walls [10].
Consequently, the number of domains is expected to diminish as first one and
then the other types of domain walls are eliminaled. The transition {rom
polydomain to single-domain behavior is well documented in a number of
ferromagnets. Pure iron suspended in mercury, for example, shows a critical size
for conversion to single-domain behavior at ~23 nm and Fe, ,Co, ¢ a critical
size of ~28 nm [ 11]. This is in good agreement with the calculations of Kittel,
who suggested 20 nm as the minimum size for multidomain behavior in magnets
[10]. Results for acicular agglomerates of y-Fe,O; particles separated by
nonmagnetic grain boundaries are also consistent with these estimates; Berkow-
itz et al. {12] report that the stable single-domain range at room temperature is
cenlered at ~40nm.

Although the loss of multidomain behavior in ferroelectric ceramics is known
10 occur for much larger grain sizes (approximatcly several tenths of a
micrometer), il is also clear that the stress state in a monolithic body containing
domains is considerably more complex than that for isolated particles. Conseq-
uently, the changes in ferroic properties as a function of size in ferroclectric
powders are expected to follow the ferromagnetic analog more closely. This is
born out in experiments on 0-3 PbTiO,/polymer composites in which the filler

L E PN
Single domarn ‘%
4 {4 qog ¢
Superparamagneiic Superparasiectic Supsrparsslastic
Q@

BE @ 0E o @

DR 6 B 8 g0
Prramagnetic Parasteciie Parastectric

Figure 36.2. Transitions in ferroic behavior as a funclion of size.
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particle sizc was varicd. Lee et al. [13] report that there is a significant drop in
the ability to pole such composites-for filler particles smaller than ~ 200 nm.
Assuming both that the small particles were well crystallized and that the
particle size distributions were narrow, this implies that transition [rom
multidomain to single domain occurs in PbTiO, particles near 200 nm.

AL still smaller sizes, ferroic materials undergo a phase change to the high-
temperature prototype group. In the case of ferromagnelic particles, this has
been correlated with the size at which the decrease in volume free energy
accompanying magnctization is on the order of the thermal energy [14]. As a
result, the spin direction is randomized with lime, leading to an unmagnetized
but highly orientable single-domain crystal. Thus, a magnet in this size regime is
characterized by a zero net magnetization, the disappearance of a magnetic
hysteresis loop, extremely high magnetic susceplibilities, and a symmetry that,
on average, is higher than that of the ferromagnetic phase. Iron exhibits
superparamagnetic behavior at particle sizes near 7nm [11], y-Fe,0, al
~300m [12] and Bakc,,_,,Ti Co, 0,4 at 15-35nm depending on the stoich-
iometry and the degree of particle shape anisotropy [15]. The loss of the ferroic
hysteresis loop coupled with the ability to respond strongly to the presence of a
magnelic field has beer utilized in a variety of applications, including fer-
romagnetic fluids and high-frequency transformers where eddy current losses
are a probiem.

A similar mechanism has been proposed to explain the dielectric and elastic
propertics of relaxor ferroelectrics [16, 17]. Compositions including many of the
A(BY,,. BY,)O, and A(B),,, B},,)O; exhibit microdomains (typicalty 2-30nm in
size) of 1.1 ordering on the B sublatlice dispersed in a disordered matrix. It has
been suggested that as a result of this nanostructure, the spontaneous polarizal-
ion in these malterials is alse subdivided into very smail local regions. Thus, a
lead magnesium niobate ceramic can be regarded as a collcction of disordered
but highly orientable dipoles. The resull, much like the case of superpara-
magnetism, is a high diclectric permittivity over a broad temperature range even
though the net spontancous polarization is zero. Because of the long range of the
electric fields induced by the local dipoles, however, there is more interaction
between the local electric dipoles than was present in the ideal superparamagnel.
Conscqucntly. the superparaclectric behavior in relaxor lerroelectrics is modu-
lated by coupling between tocal moments, so that a spin g'ass model is necessary
to describe the phase transition behavior [17]. Evidence for the importance of
the size of the microregions is given in experiments on materials that can be
ordered by heal treatment. As the scale of the ordered regions grow beyond a
certain size, the material reverts to ordinary ferroelectric (or antiferroelectric)
behavior with a well-defined transition temperature and a nondispersive
diclectric response.

As yet, direct observation of superparaelectric behavior in particulate
ordinary ferroclectrics has not been documented. Recently, however, many
investigators have attempted to determine the critical size for reversion to the
high-temperature prototype symmetry { 18-20] s in the case of the meiting of
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Figure 36.3. Transition temperature for ferroclectric powder. Data from Refs. [ 18,19].

melal particles, as the particle size is decreased, the transition temperature drops
markedly (Fig. 36.3). While at larger sizes (he high-symmetry phase is the
ordinary paraclectric phase, as the size of the {errociceine particles becomues
small enough that thermal energy can disorder the dipoles, there should be a
transition from paraclectric to superparaclectric particles. The reported results
indicate that unconstrained BaTiOj particles show the transition 1o a “ubic
phase near 80-120 nm [19]), whereas PbTiO, is stable in the tetragonal form to
~10-20nm [13,18] Because it is diflicult to characterize the electrical
properties of such small particles, it is not known if and when the high-symmetry
particles actually become superparaelectric. On the other hand, NaNQ, shows
only some broadening in the differential thermal analysis (DTA) characteristic
for the ferroelectric phase transition with no change in the transition temper-
ature for particle sizes down to S nm. While it is an order-disorder ferroelectric,
and so might have different size dependence for the properties than would a
displacive ferroelecti.c, it is interesting that there is no evidence for supcrpara-
clectricity even at particle sizes of 5nm.

It is also critical Lo note that it is possible to shift the critical size for reversion
1o high-temperature symmetry with changes in the processing. Residual strains,
in particular, have been shown to drastically aflect the propertics of BaTiO,
[21]. Thus, it is not surprising that heavily milled BaTiO, powders with an
average radins of ~10nm have been shown 1o possess permanent dipole
moments [22].

Saegusa et al. [20] examined the solid solution between BaTiO, and PbTiO,
1o determine the critical size for stabilization of the cubic phase to room
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temperiture as a function of composition. Assuming that crystallinity and
stoichometry were maintained for the smallest sizes, their data suggest that the
critical size s o o linear function of composition. It would be interesting to
follow the magnitude of the polarization as a function of lemperature in such
powders to see how its magnitude is affected by particle size.

Atthough the general outline of size effects expected in films are similar to
those demonstrated m ferromagnetic particies, it would not be surprising lor the
boundaries between different regions o shift along the size axis for different
geomcetites. Kitte!l was one of the first to explore this possibility in ferromagnetic
materials [ 10]. He caleulated that i a hlm where the preferred magnetization s
pei pendiculier to the mzjor surface, the mulidonsinn to single-dontam transition
shoubd occur near 300 um.an order of magmtude Yarger than the same transition
m a parbculate material. 1 however, there was either no amisotropy or the casy
magnetization direction fell in the film planc, now types of domain walls may
appear and persist down to very small sizes.

The transition to superpariwmagnetic behavior is apparently suppressed
companatively perfect thin films produced in ligh-vacuum systems. probably
because the large two-dimensional arca raises the volume cnergy above the
available thermal encrgy, even for very thin films. Consequently, regular
lerromagnetic behavior persists in much thinner films (down to ~0.5nm for N
films sandwiched between nonmagnetic layers [237). In such samples. the
ferromagnctic transition temperature also drops rapidly lor films < 15 nm thick.

Fims that grow as discrete islands of mapnetic maicerial rather than
contimuous hiyers or that consist of mugnetic particles isolated from cach other
by nonmagnetic hydride or oxide layers, on the other hand, should behave like
particulate systems (undergoing superpitrsmagnetic transitions appropriate for
the primary magnctic particle size). Tlis type of behavior has been confirmed in
ferromagnctic ilms that became superparamagactic at apparent thicknesses of
2.7nm (where the film actually consisted of 5-10-nm islands [24]). 1t is
interesting that no change in the Curic temperature was noted before the onset
of thermal randomization of the spins.

Given this information, what can be predicted about the behavior of
ferroclectric thin lilms? First, for an unclectroded film it scems likely that
ferroclectricity will remain stable at least down to thicknesscs of ~ 100 nm for
BaTiO, and possibly considerably lower for PbTiO, films. This is in accord
with several theorctical predictions for size cffects in thiv ferroclectric walfers. n
that work, it was shown that when space charge effects {which will be considercd
in the following section) are discounted, the onset of intrinsic size effects is
projected to fall in the range of 1-10nm [25].

Multidomain configurations should also remain stable down to very small
sizes. Corroborating cvidence for this is suggested by transmission clectron
microscapy (TEM) studies of thinned ferroelectric ceramics and single crystals
where. provided the grain size is large enough, domains can be detected in foils
below 100 mm thick {26). When, however, the grain size in the film falls below
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some critical limit, the density of domains will probably decrease in a manner
similar 1o that shown in ceramics {27]

Finally, as in the case of the magnetic films, unless there 1s some extrinsic
mechanism for forming discrete polar microregions, the onsct of superpara-
clectricity should be depressed by the relutively lurge volume of ferroclectric.

THIN-FILM SIZE EFFECTS

The experimentally observed size effects reported in the ferroclectric thin-film
literature fall into four major categorics: an increase in the cocrcive field, a
decrease in the remanent polarization, a depression in the diclectric constant,
and a smearing of the paraclectric-lerrociectric transition over values expected
from bulk materials of the same composition. Typical Jata on the hiest two
obscrvations are listed in Table 36.1, the third is depicted m Fig. 36.4, and the
fourth point is discusscd by Biryukov ct al. [28]. One point that is bnmediatety
apparent from Table 36.1 and a perusal of fterature data is that deviations from
bulk properties arc nearly universal, but the thickness at which the propertics
begin to diverge and the magnitude of the disparity are strongly dependent on
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Figure 36.4. Temperature dependences of £ 4} and tan 8 th) for (Ba, S)TiO, films Film thickness d
tnacrometers) {1 0.5, (2) 0.33; (3) 0.5; (4) £.0, {51 2.0; 16} 5.0, {7) 8.2. Data from Ref. [52}.




386 CHAPTER 36: FERROELECTRIC THIN FiLMS

TARLE 3.1, Remancnt Polarization and Caercive Ficld in a Number of Perovskite Films

Matesial” P iCiem?) E. (kVicm) Reference
Single-crystal P10, ~55 75 6.75 35
Sol ge) PHTIO, 137 54 8 36
Sputtered (001) Ph (), 55 75 37
Sputtered (001 PRI, as 160 a8
Sputtered or CVD PHTi0O), 12 250 39
CVD (001 PhTiO, 141 2016 40
Bulk P2T 58,42 45 17 41
Sol gel PZT 36 42
Sol-pel PZT 53747 12 150 41
Sol gel PZT 52/48 35 4
Sol gel PZT 18-20 S0-60 44
Sob-gel PZT 40:60 6.6 26.7 45
Sputicied PZT 90710 139 60.0 46
Sputtered PZT S&/42 300 25 41
Sputtcred PZT 65/35, weak (100) 12.5 90 47
Sputtesed PZT 65/35 16 KX 47
Sal gel PLZT 2/54/46 285 190 48
Single-crystal BaTiO, 26 ! 49
Polyerystadhne BaTiQ, 8 3 49
Spettered BaTiO, 08 3 50
Screen-printed BaTi, ,Sny, O, 1.7-28 25 5i
Sputtered ((0H) BahiQ), 7 o0 13

Sputtered BaTiO,, weak (101 16 20 RX}

“Abbresabions: UV, chemical vapor deposition, PZT, lfead zirconate tinanate; PLZT, fead
Evthanum zieconate titanate

the preparation conditions. Consequently, films produced at one laboratory
may display marked size cffects, while others of the same thickness and
composiion pussess bulk properties.

The reasons for this type of discrepancy lie in the variety of mechanisms
causing the apparent size cflect. Included among these are microstructural
heterogeneitics, variations in crystalline quality, mechanical stresses imposed on
the film by the substrate, space charge cffeets, and finally intrinsic size effects It
is critical to note that the first two of these, which in the opinion of the authors
account for the majority of the “size elfects™ observed in thin-film properties, are,
i fact. size indcpendent. 1t is fortuitous, then, that many film preparation
techniques produce films that are defective and would remain defective even if
macroscopic samples could be fabricated.

Inhomogencity in the film microstructure can take the form of incorporated
porosity, surface and interface roughness, or variations in the grain size. In
particular, many fereoclectrics grown by vapor deposition processes are
columnar and should be expected to have low densitics (Fig. 36.5). This, in turn,
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Figure 36.5. Structure of sputiered film as a funclion of gas pressure and normshzed substriste
lemiperature [37).

could appreciably lower the dielectric constant and, if there was poor coupling
between the grains, would increase the coercive ficld as well [29]. Even in films
that appear dense, Dudkevich et al. have shown that the microstructure may
change continuously as a function of film thickness {30 Thus, for sputtered
Ba, 55815, sT1O, Biling, thinner films tend to be composed of small particles
{15am for a 4-pin-thick fhim) where thicker films show a distribution of grain
sizes ranging from the very fine particles deposited next to the substrite to farger
grains at the film surface {200-300 nm for & film 2000 nm thick). Given this type
of microstructural hetcrogencity, it is no wonder that many properties appear to
depend on film thickness. As the absolute grain size at any given thickness is
cxpected to be a sensitive function of both the deposition conditions and any
postanncaling, samples prepared  at different Jaboratories should behave
diffcrently.

A second signilicant influence on thin-film propertics is the crystalline quaiity
of the ferroelectric material. It is known that the loss of clear X-ray diflraction
peaks is coupled to the disuppearance of the paraclectric-Terroclectric phasc
transition. Unfortunately, many film deposition techniques also result in poor
crystatlinity. During sputtering, for example, the growing film is subjected to
bombardment by high-cncrgy ions. While this can be advantageous in terms of
providing additional energy (o the deposit snd increasing the surfice mobility,
heavyy bombardment, particularly at low substrate temperatures, can also
introduce high defect concentrations. In chemically prepared thin films, on the
other hand, low anneating temperatures can be insufficient 1o crystathize the
ferroclectric phase fully.

Fast neutron irradiadon of BaTiQ, single crystals (neutron energy = 50keV),
for example, eventually introduces suflicient defects that the material tiansferms
into a metastable cubic state with an expanded lattice parameter {31]. Having
undergone this transition, no displacive transformation to the tetragonal,
ferroelectric, state can be detected at temperatures above 78 K. Although the
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bulk still displavs some long-range order, the X-ray peaks are broadened by a
factor of § aver the unirradiated crystal. and it is not unbikely that the surface
was completely amuoiphized. Anncahing to 1000°C is requited before the lattice
parameter relases back to its itial value, Unfortunately, in many thin filims,
anncaling temperatures are hept as low as possible to mininuze changes
storcliometry. Wihile tns may belp muuntain the perovskite structure, i is
probable than SHY 700 °C s nsufficient to- crystidlize amorphous or badly
damaped Bhms fully. Many authors working with esther vacuum-deposited or
chenucally prepared thin fibms report maoditications of the perovskile structure
with a shightly expanded cubic unit cell 321

In characterizing the crystathinty of fercockectric films, Surowiak et al [33]
measured Lattice strains in sputier-deposied BaTiO, films. They found that
films that expericnced heavy bombardment during growth tended to have more
heavidy deformed crystallites (ie. the mean microdeformation Ad/d was as large
as Q- 0008 and small coberent scatiering sizes. Larper. less defective
crystallites (A o < 0.005) could be formed when the growth conditions were not
as rigotous [33] Differences between the two types of films were readily
appinent an the electrical properties: fower Ad/d values were associated with
fugh remanent polatizations, piezoctectric constants close o single-crysial
values and relatively narrow phase transitions. This fast point was examined by
Birvukov et al. [28], who demonstrated that films with large laltice strains
should be expected fo show diffuse phasc trausitions. Poorly crystaliized films
from any preparation method will probably display fow remuanent polarization,
lowered diclectric and electromechanical coupling constants, and diffuse phasc
transitions.

Hoas not surpeising that mechianical stresses should also alfect thin-film
prropertics. As i most lerrote materals, the appearance of the order parameter
at the bansbon temperatuie is accompanied in perovskite ferroclectrics by a
spontancous stram,. Domin structare should be mfluenced by the tvpes of
strans present m the il In a similar way, stresses in hetcroepitaxial films have
breen shown to alter the equilibrium domain structure. Two-dimensional stresses
can stabilize the ferroelectric phase (o higher temperatures in bulk materials and
this mechamsm could operate in thin films when there is good cohesion between
the substrate and the film.

The primary difference between size effects in ferramagnetic materials and
ferroctectric malerials s that, in the clectrical analog, it is necessary o
compensate the polarization at the surface of the material. In a ferroelectric that
is shghtly conducting or electroded with a material with a low carricr density,
tremendous depolanzation fields or space charge migration can be generated
everan compatratively thick films (~ 1), These can shift the phase transition
temperature, lower the magnitude of the spontancous polarization, and cven
destabnlize the ferroelectric phase in the film.

Despite all of these opportunitics for extrinsie size cffects, there is evidence
that films that are prepared carcfully can display near bulk properties to very
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small thicknesses. In work on sol-gel PZT films, Udayakumar {34], for
example, showed thal room temperature liclectric constants of ~ 13} could be
maintained for films exceeding 300 nm thick (Fig. 36.6). The bulk remanent
polarization was retained to 450 nm and remained fintte, though reduced, in
films 190 nm thick (Fig. 36.7). The high breakdown strength of these fitms g,
37.8) will also be critical in device applications [34].

In work on RF-sputlered BaT1Q, films, Dudkevich ct al. [30] showed that
the size of the coherent scittering region, D, within their films was more
important than the thickness in determining the macroscopic electrical pro-
perlics. As seen in Fig. 36.9, the dielectric constant increases markedly as the
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Figuee 36.7. Remanent polarization in PZT sol gel thin Hilms as a function of cleanc licld.
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coherent scattering size grows larger than ~ 30 nm. and when D reached S0am,
room temperature diclectric constants exceeding 1000 were achieved, and some
indication of a diclectric constant peak could be detected at the Curie
temperature [30].

As shown in Table 36.1, several other secent papers have demonstrated that it
15 possible (o achieve bulk or near bulk propertics for several members of the
perovskite Lamily.
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Fipure 36.9. Size of the coherent scattering region {curve 1) and the diclectric permittivity (curve Dol
ta 1hQ), fikns as a function of substrate temperature. Taken from Ref [30).
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CONCLUSIONS

As the field of ferroelectric thin films grows, it becontes increuasingly important (o
examine the role of size effects on the expected properties. While intrinsic size
elfects similar to those demonstrated in ferromagnetic analogs will act as lower
limits to the size of ferroclectric devices, in many cases extrinsic, processing-
induced contributions overshadow the fundamental size restrictions. Conseq-
uently, careful characterization of films (o determine the role of extrinsic cffects
{i.e., mternal microstructure, interface layers, and poor crystallinity) are neces-
sary to understand rclationships between processing and properties in fer-
roelectric films.
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Abstract

Spectroscopic ellipsometry has been utilized to non-destructively depth profile
multi-ion-beam reactively sputtered lead zirconate titanate films. Some degree of
inhomogeneity (in the form of low density layers or surface roughness) was found in all
of the films examined. The evolution in the structure and microstructure of such films
during post-deposition annealing was investigated with in-situ spectroscopic
ellipsomelry. It was found that the onset of microstructural inhomogeneities was
assoc iled with the crystallization of the perovskite phase, and that the final fiim
microstruciure was dependent on the details of the annealing process.

A model was developed o approximate the effect that local density variations play
in determining the net electrical properties of ferroelectric films. Depending on t..e
configuration of the embedded porosity, it was demonstrated that microstructural
inhomogéneities can significantly change the net dielectric constant, coercive field, and
remanent polarization of ferroelectric films. 1t has also been shown that fovw density
regions near the film/substrate interface can resull in apparent size effects in

ferroelectric films.
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Ferroelectric thin films are potentially useful as pyroelectric sensurs,
ferioelectric memory elements, electrooptic swilches, and miniature electromechanical
transducers. For these applications, high quality films with reproducible electrical,
optical, and electromechanical properlies are required. Several growth techniques have
emerged in the recent past for the deposition of mulli-cation oxide films. In all cases,
the final properties seem 1o be closely connecled to the nature of the deposition process
[1). For this study., multi-ion-beam reactive spuitering (MIBERS) was chosen for the
growth of optlical quality perovskite films. Films for optlical applications should have a
uniform smooth surtace, should be free from defects or inclusions, and should possess
minimal absorplion and low scattering over the wavelengths of interest. With the
MIBERS technique the composition, microstructure, and physical morphology of the
fillns can be controlled by careful choice of the growth conditions {2,3].

Unfortunately, as is the case for transparent films used in oplical coatings, non-
destructive characterization of the film {(including any variations in the microstruclure
with depth in the sample) has in the past been difficult to perform. To alleviate this
problem, this paper describes speciroscopic ellipsor ~try (SE) as a non-destructive,
non-invasive tool for depth profiling ferroelectric thin films on both transparent and
absorbing substrates.

The success of SE for depth-profiling samples was demonstrated in the 1970's
{e. g. [4]). Following the inilial demonstration, careful studies were underiaken 1o
demonstrate that the SE resulls are consistent with other characterization tools [5-8].
SE has since become widely used for characterizing thin film sysiems where al least one
component is strongly absorbing. Transfer of the process to either monolithic
transparent samples or transparent films on transparent substrates, however, has been
hindered by inherent difficulties in obtaining accurate SE data for such samples. This

difficulty has recently been overcome via the development of a series of systemalic
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calibrations for a rotating analyzer spectroscopic ellipsometer {9,10]. The information
derived from this technique is particularly uselul in correlating the role of the
processing procedure in conlrolling the physical structure and net electrical properties

of terroelectric thin films.

Film _Preparation

Pb(Zr,Ti)O3 (PZT) films with a Zr/Ti ratio of about 50/50 were deposited by
multi-ion-beam reaclive sputlering {2]. Tlus technique, as established earlier, offers
a highly controliable, reproducible deposition process with excellent uniformity in
composition and thickness for large surface area samples. As substrates for the
deposition of oriented films, both (11—02) and (0001) sapphire were used (One side

polished, Union Carbide). The interest in (1?02) sapphire stems from the fact that this

orientation can be grown epitaxially on silicon, leading to the possibility of integrating a
PZT elec'rooptic component on to a silicon substrate prepared with a sapphire
intermediate layer {11]. In addition, platinum-coated silicon wafers were also ulilized
as substrates for some films. These laller substrales had a thick SiOp barrier layer 10
prevent reaction between platinum and silicon at elevated temperatures, and a thin Ti
film between the SiO2 and Pt to improve adhesion.

The depositions were carried out on unheated substrates without low energy ion
assistance. Il was observed that the substrate temperature rose to about 100°C during
deposition due to intrinsic bombardment by the sputtered species. While the films on
sapphire were deposited with a Pb content very close to the sloichiometric composition
of the perovskite phase, the films on Pl-coated silicon were deposited with 3 - 6%
excess Pb 1o promole crystallization ol the correct phase on annealing [2]). Some films
were reserved for in-situ  ellipsomelric studies. The remaining films were heated ex-
sifu at 10°C/min to 650°C and soaked at this temperature for 2 hrs. This procedure

yields well-crystallized perovskite films. All films deposited on sapphire showed highly




oriented X-ray diffraction patlerns after annealing. Films on (11—02) substrates, as
seen in Fig. 1, were almost exclusively (101) oriented. Similarly, with (0001)
substrates, the films were also (101) orientated, although 1o a lesser degree. Films on
Pt-coated silicon had a random polycrystalline orientation. Ferroelectricity was

established by measuring hysteresis loops for the films on Pi-coated silicon substrates.

i meter nfigyrati n librati

A schemaltic of the rofaling-analyzer spectroscopic ellipsometer used in these
experiments is shown in Figure 2. In addition 1o standard calibrations to eliminate first
order errors in the optics {12], two additional steps were required to achieve accurate
data for transparent samples. First, the problem of detector non-linearity was
minimized by calibrating the polarization detection system both for the presence of
ambient light and for variations in the gain of ac and dc components of the signal with
changes in the overall signal level [13]. Secondly, inherent difficulties in accurately
measuring the near 0° (or 180°) phase change on reflection from a transparent sample
(14] were overcome through the use of an achromalic compensator.

In contrast to the standard Babinet-Soleil compensator, the three-reflection
achromatic compensator [15] used in these experiments produces approximately a 90°
phase retardalion for all wavelengths belween 300 and 800 nm. To correct for the
remaining wavelength dependent errors introduced by the compensator, a two-
measurement, “effeclive source™ calibration was ulilized. With this technique, the
polarization state of the light emerging from the compensator is first measured at each
wavelength with the ellipsometer detection arm in the straighi-through position. Then,
the sample is aligned at the desired angle of incidence and measured over the same
wavelength range to obtain a spectrum containing lumped information on the sample
properlies and the source polarization. The change in the light polarization due to

reflection from the sample itself, the quantity of inlerest, can then be calculated.




With these calibrations in place, the ellipsometric paramelers A and ¥ can be
measured for transparent samples to within 0.03° and 0.01°, respectively, over the
spectral range 300 - 800 nm. This corresponds to an accuracy in the real and
imaginary parts of the refractive index of 0.001 [9,13] for a bulk specimen of vilreous
silica [16]. As shown in Figure 3, this is an order of magnitude improvement over the
accuracy which can be obtained without these data correction procedures. It should be
noted that the additional procedures utilized conslilute a calibration of the polarization
deteclion system, and as such are sample independent.

Measurements made as a function of temperature were performed in a
windowless electrical resistance furnace. As shown in Figure 4, a kanthal-wire
wrapped alumina lube was used as the heat source. The temperature was monitored by a
thermocouple placed within half an inch of the sample, and controlled by computer. The
outer shell of the chamber consisted of a capped, monolithic brass cylinder machined
with two 1/2" x 1/4" holes for the entrance and exit beams. Both the cylinder and the
baseplate were subsequently electroplated with nickel to minimize oxidation of the
copper and vaporization of the zinc at elevaled temperatures. Because the chamber is

windowless, no additional corrections for the ellipsometer optics were required.

xperimential Pr r

Measurements were made on films on sapphire substrates at an incidence angle of
80° using the compensator and the effective source calibration described above. For
films on Pl-coated Si, measurements were performed at an angie of incidence of 70°
without the compensator. SE data were collected both on fitms which had been annealed
at 650°C for 2 hours and on as-deposited films which were heatl-treated in-situ in the
ellipsometer. For the in-situ experiments, dala were taken at different annealing
temperatures in 50°C intervals between 25 and 6C)°C. Belween room lemperature and

350°C, data were coliecled at the annealing temperalure. Above 400°C, however, the




nim was neated o the desired temperature, soaked for half an hour, and cooled below
300°C for measurement to eliminate errors associated with glow from the furnace. In
all cases, the film was heated to the previous annealing temperature at 5°C/min, and
then raised from there lo the new annealing temperature at 2°C/min. Cooling was done
at 5°C/min until the furnace could no longer follow. Afier this treatment, the same film
was annealed in a conventional furnace at 650°C for 2 hr in order to match the
maximum annealing temperature experienced by the ex-situ annealed samples.
Following data collection, the SE data were modelied in order to analyze the film
thickness, optical properlies and the degree of inhomogeneily present within the film.
Modelling of the experimental data was done under the assumption of planar
interfaces between layers with all layers parallel to the surface of the film.
Inhomogeneities in the film density were described by subdividing the film into a series
of layers with different volume fractions of air present in each. Bruggeman eflective
medium theory was used 1o calculate the effeclive dielectric functions of two phase
mixiures. Variables in the filting procedure included all of the layer thicknesses, the
volume {raction of air present at any depth in the film, and the dispersion relation
describing the optical properties of the film itself. The equation used lo describe the

film refractive index was:

2
A(D A

(+ik)° = 1+ —
A = ho’ - i 20AQ2)

(eg. 1)

where (n + K) is the complex refractive index, A is the wavelength in nm, A, is the
oscillator position, and A(1) and A(2) are constants. Both A and the A(j) were
determined during the fitting. To reduce the number of variables, the optical properties
of the film were assumed to be isotropic.

Reference optical property data were used to describe the substrate dielectric

functions. For sapphire, reference data were taken from Malitson [17] and Jeppesen




[18] for the ordinary and exiraordinary indices, respectively. Because the literature
values for dn/dT are so small (on the order of 10-3/°C), room temperature dala for the
refractive indices of sapphire were used at all temperatures. For the Pt-coaled silicon
substrates, ellipsomelric spectra were coliecled for the bare substrate, and were
directly inverted to provide an elfeclive dielectric function for the exposed metal.
Modelling of the data for these substrates showed that the surfaces consisted of roughened
platinum. Unfortunately, the degree of roughness was found to change as the substrates
were heated, so there is considerable residual uncertainty in the eftective dielectric
functions for the Pt-coated silicon substrates.

For the modelling, the data sets were truncated 1o between 400 and 800 nm in
order 1o eliminate the onsel of the absorption edge in PZT. Output from the fitting
program included values for the "best-fit" parameters, 90% confidence limits for each

variable, a correlation coefficient matrix describing the interrelatedness between

variables, the unbiased estimator, o [4], of the goodness of fit, and calculated A and ¥
spectra for the final model. All of these factors were examined to determine the
appropriateness of a given model.

With the exception of the films on (0001} sapphire, all of the fitting was done
assuming that both film and substrate could be treated as isotropic materials. The
routine which handled the propagation of light through anisotropic materials was

written by Parikh and Allara [19] following the 4 x 4 matrix formalism of Yeh

[20,21]. An anisotropic substrate model was nol used for the film on (11—02) sapphire

as the angle between the inclined optic axis of the alumina and the plane of incidence of

the light could not be determined accurately.

Analysi f Cr lliz MIBERS Film hire_and Pt- ili

Results from the ellipsometric modelling of the SE data for the films annealed at

650°C for 2 hr are shown in Table 1. All of the films were determined 10 be between




400 and 600 nm thick, which is consistent with profilometry measurements on the
same films. In most cases, a low density interfacial layer between the subsirale and the
film was essential to properly match the peak heights in both the A and ¥ spectra. In
addition;fayer of surface roughness improved the fit for some films. As seen in Figure 5,
the final fits resulled in very good matches to the experimental data.

The high refractive indices obtained for the middle layer of the films suggest that
this region is reasonably dense. Figure 6 shows the modelied refractive indices for
several films on sapphire (determined with A(2) from eq. 1 assigned to zero) in
comparison with reference data for 2/65/35 and 16/40/60 PLZT ceramics [22]. As
the refractive index of PLZT ceramics is largely controlled by the Zr/Ti ratio [22], the
film on (0001) sapphire in particular shows excellent agreement with the values which
would be expected for a dense PZT 50/50 material. The lower n values for the films on
( 1?02) sapphire could be due either to the presence of residual porosity distributed
throughout the densest portion of the film or the assumption of isotropic behavior for
both the film and the substrate. When these films were modelled with reference data
from the film on (0001) sapphire, 5.7% additional residual porosity was required in
each layer of the film to fit the experimental data.

Unless the restriction A{(2) = 0 was imposed during the fitting, however, finite
values for the imaginary part of the refractive index in the films were obtained in the SE
modelling. In part, the larger k values may refiect the fact that transparency in lead-
based perovskites decreases as the lanthanum content is reduced. The opacity of dense,
bulk PZT ceramics has been attributed 1o light scattering at refractive index
discontinuilies such as domain walls and grain boundaries consisting of a second phase
[23]. N is likely that the same mechanisms are present in the films. [n addition, there
are probably "microstructural” confributions to the effectlive k which arise from
inhomogeneilies in the film not accounted for in the modelling (i.e. scatlering from

distributed porosity in the bulk of the film, the presence of a lossy layer associated with




either space charge formation or lead loss during firing, or the presence of additional
porosily in the film not properly accounted for in the modeliing). It was also found that
a non-zero value of A(2) resulled in an increase in the dispersion found for the film
refractive indices and a somewhat improved fit for the SE data on the films. The reason
for this additional dispersion is unknown. The vaiues reported in Table 1 are for fils
with a non-zero A(2). Because of the uncertainties in the optical properties of the Pt-
coated silicon substrales, it was not possible 1o delermine the exact refractive indices
for PZT films on such substrates.

Figure 7 shows a comparison of the ex-situ annealed PZT films on Pt-coaled Si
and (0001) sapphire substrates. Both are densest throughout the bulk of the films, with
low density fayers near the subsirate and some surface roughness. This type of depth
profile is common in films with a columnar or cluster morphology [24]. 1t is also
consistent with SEM observations on the same films [2].

For the same annealing conditions, films on Pt-coated silicon possess a much
thicker surface roughness layer than those on sapphire. That could be a result either of
the higher degree of roughness of the sputtered Pt substrate or the higher initial PbO
content in the film on platinum. As discussed by Yang et al. [25], the roughness of a film
with a columnar microstructure is dependent on the smoothness of the substrate: with
rougher substrates leading to rougher films. Fox et al. [3] also suggest that
crystallization of the perovskile phase and PbO vaporization are important in

determining the microstructural features of annealed lead lanthanum titanate films.

volution of r re Durin -Sity_Annealin
Films deposited at room temperature on (1702) sapphire and Pi-coaled Si
substrales were annealed in-situ in the ellipsometer to determine whether the
inhomogeneilies seen in films crystallized conventionally were created during the

deposition, or whether they were generated during the annealing. For these studies,
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sapphire substrates were preferable as all changes in the spectra with temperature
could be attributed unambiguously to the film. For the films on Pt-coaled silicon,
temperature-dependent changes in the effective substrate optical properties obscured
interpretation of the SE data. Nevertheless, the resulls for the film on Pl-coated silicon
seem consistent with those reported for the sapphire substrates.

Figure 8 shows the ellipsometric spectra collected during the annealing of the
film on sapphire. The data can visually be divided into three regimes. At low
temperatures the interference oscillations are damped strongly at short wavelengths. As
shown in Figure 9, however, this additional damping disappears between 450° and
500°C. Littie change occurs from this temperature until 600°C, which appears to mark
a Wransition botween the second and hind regions. The Tatter, as llustiated with the dala
after the 650°C anneal, is characterized by higher ¥ values (See Fig. 8).

It was not possible to model the fuli spectra at low temperatures with a single
oscillator, as that did not mimic the abrupt decrease in damping below 500nm. A much
better fit could be achieved by mixing the contribution of the oscillator with reference
data for rf sputtered lead oxide [26]. For all low temperature data, reference data for rf
sputtered PbO provided a better fit than did data for evaporated PbO, largely because the
band gap was shifted 0.6 eV lower in energy. No explanation for the disparity in the
dielectric functions of the two was given by Harris et al. [26], though one possibility
would be the presence of mixed valence states in the sputlered Pb [27]. Fits to as-
deposited films on sapphire subsirates were not improved significantly by the addition of
surface roughness or a gradient in the PbO content to the model. Due 1o the strong
correlation between the void volume fraction and the PbO content, it was not possible to
achieve reproducible fits with low density regions near the film-substrate interface. No
evidence for low density regions near the substrate were found in Fox's work on as-

deposited MIBERS lead lanthanum titanate fiims {3].
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The volume fraction of PbQ remained approximately constant at lower
temperatures, but beginning at 450°C, successively less PbO was required to match the
ellipsometric spectra. Figure 10 shows the best-fit models for 450 and 500°C; the
modelling is improved by allowing the lead "loss” to begin at the fitm surface and move
progressively through the film thickness. Over the same temperature range, the film
changed from an orange color fo pale yellow.

Two possibilities would account for these changes. First, following composition
analysis of as-deposited and annealed films, Fox et al. [3] concluded that as-deposited
MIBERS lead lanthanum titanate thin films contain excess PbO which is removed during
high temperature annealing. Comparable results were obtained on PZT films [2]. The
onset lemperzature at which this was projected to occur was 490 + 50°C {3]. While this
temperature is lower than that reported for PbO loss from bulk PbTiO3 samples [28], it
is in good agreement with the SE experiments. Secondly, the lead oxide could at ~450°C
revert 1o a less lossy species. Thus, the increase in transparency at low wavelengths
could be associated either with a homogenization of the lead oxidation state or with the
incorporation of the lead species in o a more transparent phase (like that of evaporated
PbO, the perovskite, or a pyrochlore phase). It is not possible to distinguish between
these two mechanisms on the basis of the SE data and both may be operative. Similarly,
although it is likely that a pyrochlore phase was formed during these lower temperature
anneals (at least for the film on Pt-coated Si), this could not be unamibiguously
identified on the basis of the SE modelling.

Al 550°C the experimental data were fit well with a two layer model consisting of
a "dense” underlayer with a thin layer of surface roughness. As shown in Figure 11, the
extent of the inhomogeneities becomes more pronounced for anneals above 550°C. In
contrast to the samples annealed only at 650°C for 2 hrs (i.e. those not exposed to
extended periods at intermediate temperatures), no low-density layer near the

film/substirate interface was required to model the ellipsometric spectra.




12

Between the 500 and 550°C anneals, the film refractive index also increased
markedly {see Figure 12). This is most likely associated with the crystallization of the
perovskite phase. X-ray diffraction patterns following the 600 and 650°C anneals
confirmed that the films on sapphire had converted o the perovskite structure with a
very high degree of <110> orientation. Figure 12 also shows that the refractive index
remains reasonably constant for all fits above 550°C; there is a slight drop at 650°C
(not shown) that is probably associated with the fact that the "dense” botlom layer of the
PZT contains some residual porosity. In summary, Figure 13 shows the proposed
reaction scheme for changes occurring during the annealing of a MIBERS fiim deposited

at room temperature.

| f _Annealing Profile in nirolling Inhom neiti in MIBERS Film
In comparing the microstructures of films annealed in different ways, it is clear

that while the inhomogeneity profiles are consistent for samples given identical
annealing schedules, they are strongly dependent on variations in the heating cycle. This
is apparent in Figure 14, which shows the SE-determined depth profiles for films
annealed at 650°C for 2 hrs with and without extended lower temperature soaks. It is
interesting that for samples annealed in-situ in the ellipsometer the major changes in
the film inhomogeneities were coincident with the crystallization of the perovskile
phase. This suggests that while the initial microstructure of a vapor-deposited film is
controlled by factors such as substrate temperature, gas pressure, and adatom mobility
[29], the final appearance is also a function of any posi-deposition processes involving
diffusion. Thus, in ferroelectric films elimination of excess PbO, reaction with the
substrate, crystallization of either the pyrochlore or perovskite phases, and grain
growth could successively alter the film microstructure. Additional support for this
hypothesis is given by Fox et al. [3], who used scanning electron microscopy 1o follow

the microstructural evolution of MIBERS lead lanthanum titanate films.




it is demonstraled in the foliuwing section that inhomogeneities in the

ricrostructure, especially those associaled with low density regions, alter the net
coercive field, dielectric constant and remanent polarization of ferroelectric films,
Given the dependence of the microstructure on the details of the post-deposition
annealing profile observed here, it is clear that two tiims of the same composition,
crysial structure, and thickness, which were annealed at the same peak temperature,
could nevertheless slill possess considerably ditferent electrical properties.
Consequently, post-deposition annealing should be considered an importan! variable in
both the microstructure and property development of ferroeiectric films.

It is also clear that the reasons for the discrepancies between the properties of
the two films in Figure 14 would not be detecled by X-ray diffraction. This clearly
establishes the need for microstructure-sensitive characlerization techniques in the
study of ferroelectric films for device applications. Both spectroscopic ellipsometry and

electron microscopy should be useful in this regard.

Influence of Inhomogeneities on the Electrical Properties ¢f Films

Some ferroelectric films grown with the MIBERS technique possess low density
regions near the film/substrate interface which are consistent with the appearance of
either clustering or columns in the annealed film. Such a low density layer should be
expected to alter the net elecirical properties of the film. Indications of this can be seon
experimentally in the hysteresis loop of a film which was shown to have an
inhomogeneous depth profile by spectroscopic ellipsometry. The coercive field and net
dielectric consiant of the film was 75 kV/cm and ~850, respectively. By contrast, a
homogeneous film of the same composition and the same grain size (chemically
prepared) had a lower coercive field (~40 kV/cm) and a higher net dielectric constant.

Both films have higher E¢ values than would be expected for bulk ceramics of the same

composition, probably as a result, in part, of the fine grain size ot the films and stress
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exerled on the film by the substrate [30]). Nevertheless, the inhomogeneous vapor-
deposited 1ilms possess a higher coercive field and a more severe tilt to the "vertical®
sides of the loop than do the homogeneous films. An attempt was made to model the
hysteresis loop of the films to determine whr.ther these differences could be attributed to
the ellipsometrically characterized inhomogeneities.

To model the effect that embedded porosity of this type would have on the apparent
electrical properties of the film, the fcllowing approximation was considered. ! a
representation of a columnar microstructure is subdivided into elemenis vertically,
then most segments cuntain dense PZT in series with a low dielectric constant layer (see
Fig. 15). Itis assumed here that the upper electrode is conformal, so that the surface
roughness does not strongly influence the net electrical properties of the film. Given
these conditicns, the net capacitance of one element can be expressed as

1 €, {d-x)+¢ X

_— O

C £, &

where g1 and €2 denoie the dielectric constants of the dense and the defective regions

respectively, d is the total film thickness, and x is the thicknc.s of the low density
material. For this geometry, the ratio of the actual coercive fieid of the dense PZT to the
apparent coercive field of the element is

V1
Eq) _dx _ eI
E YV ooe{d-x)+ex

c

d
It is also assumed that there are no forces (such as stress) acting to depc'e the film.
While some depolarization will occur in actual samples, tilting the lines bounding the
fop and bottom of the hysteresis loops, that will not alter the basic conclusions of this
argument.
In vapor-deposited materials, the dieleciric constant and the thickness of the

defective material would be expected 1o vary locally as nucleation and growth
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commencer, leading 1o a distribution in the capacitances and coercive tields of the
different subelements. The absence of a well-defined coercive field, in turn, leads to a
loss in the squareness of the hysteresis loop, which is one of the desired attributes for
the model. As a first approximation, the dielectric constant and coercive field for the
dense fine-grained PZT were assigned the values from the sol-gel film, i.e. €4 = 1300,
and Ec(1) = 40kV/icm [31]. To mimi~ the slope of the sides of the hysteresis loop for a
600 nm thick MIBERS film, the coercive fields for the elements were divided into equatl
steps between 40 and 110kV/cm. This gives the right slope and correctly predicts the
average value for E¢ (~75kV/cm). The shape of the derived hysleresis loop is also i
reasonable agreement with the experimental data.

To further check the validity of this model, the net dielectric constant for a film
600 nm thick with a 60 nm thick low density layer near the substrate was also
calculated using a parallel model to average the capacitance of the individual vertical
elements. The coercive field distribution described above requires dielectric constant
values for the bottom layer to vary between 70 and 1300. This leads to a net dielectric
constant for the film of 770, reascnably close to the experimentally observed value of
~850 {2]. The volume fraction of air in the bottom layer of each element needed to cause
the assumed coercive field distribution was also calculated using the logarithmic and
series approximations for the dielectric constant of a composite. These values bracket
the average volume fraction of air derived from the SE determination. This is also
reasonable. Consequently, this model provides a good approximation for the o-served
electrical properties of some types of inhomogeneous ferroelectric films. In all cases
heterogeneities within the film should be expected o increase the coercive field value.
When a distribution of coercive fields is present, the hysteresis loop should be both
significantly broadened and tilled o the right, as is generally observed in reporled data

on ferroelectric thin films.
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Moreover, depending on the distribution of porosity in the film, the coercive
field of some regions could be so high as to make them practically . .swilchable,
fowering the apparent polarization for the film. Thus it is possible that a film of well-
crystallized ferroeleclric could display apparent remanent polarizations significantly
below that expected for the bulk ceramic material. This would occur despite the fact that
if the film could be fully switched, the remanent polarization would be 99.2% of the
bulk value for the case where the bottom 60 nm (of a film 600 nm thick) was, on
average, 92% dense.

Finally, defective regions in the film could serve as pinning sites for domain wall
motion. This, in turn, could influence both aging and fatigue in ferroelectric fiims.
Consequently, deposition techniques which facilitate production of films which are
highly homogeneous, in addition to being highly crystalline, may be essential in the
preparation of optimized films for device applications.

It is clear from the above discussion that inhomogeneities in the microstruclure
can significantly affect the observed low and high field electrical properties of
ferroelectric films. This explains much of the variability reporied in the literature for
these properties. As the degree and types of inhomogeneities present in the fifm are
controlled by the preparation conditions, it is not surprising that films prepared under
different conditions display widely disparate dielectric constants and hysteresis loops.
However, the role of inhomogeneities has often been ignored. For vapor deposited films,
low-energy ion bombardment during growth and rapid thermal annealing have been

shown to be useful in improving the film microstructure [32,33].

| f inhom neiti n ren iz f in_Ferroel i il
Any film which conlains low density regions near the substrate should also be
expecled 1o display marked extrinsic size effects. Thus, for the films discussed above,

ang for other vapor-deposited films grown under low adatom mobility conditions, as the




total fitm thickness is decreased, the delective layer contributes a larger fraction to the
overall properties, and the observed properties demonstrate an extrinsic dependence on
film thickness.

Consider, for example, the simplified mode! for the MIBERS tilm discussed in the
previous section, where the first 60 nm of perovskite has a lower density than the
remainder of the film. As belore, the dielectric constant of the defective region will be
distributed between 70 and 1300, so that the hysteresis loop of the film has the proper
shape. If this initial layer is kept constant while the totai film thickness of the lilm is
varied, then the hysteresis loops become progressively broader and more tilled as d is
decreased (see Fig. 16). At the same time, the net dielectric constant drops off
markedly, even though € for the solid phase is assumed to remain unchanged. Thus, an
infinitely thick film would be essentially undistiurbed by the anomalous layer, and would
have a well-defined coercive field and dielectric constant equivalent to the values for a
bulk, fine-grained ceramic. For thinner films, however, both € and E diverge from the
bulk values. The decrease in dielectric constant for thinner films shown in Figure 16 is
also in agreement with a variely of experimental studies [31,34].

Figure 16a is drawn with even the thinnest films showing the maximum value
for the remanent polarization. if the low density layer is, on average, 92% dense (i.e.
the ellipsometrically determined value), this is a good approximation, even for the 100
nm thick film, since the effeclive remanent polarization is calculated 1o be 95.2% of the
bulk value. As the filii thickness increases, the maximum P; value rapidly approaches
100% of the bulk value. However, this marks the limiting value for P; assuming that
full switching of the film could be achieved. In practice, it is more likely that given the
presence of high local coercive fields in the thinner films, some areas of the film wouid
become unswitchable, and the measured remanent polarization would be lowered.

The sensitive dependence of the apparent size effects on the initial stages of the

film microstructure would also explain why films prepared under different conditions
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demonstrate diiferent properties as a function of thickness. Speclroscopic ellipsometry
offers one means through which depth profiles of inhomogeneities in thin film samples
can be characlerized non-destructively, and so should be useful in resolving many of the
residual questions about slructure-microstructure-property relationships in

ferroelectric films.

nclusi

it has been shown that spectroscopic ellipsometry can be utilized o characterize
the microstructural inhomogeneities in ferroelectric thin films. Some degree of
inhomogeneity (in the form of low density layers or surface roughness) was found in
each of the films examined; in all cases these were more important in modelling the
ellipsometric spectra than were intrinsic changes in the properties of the ferroelectric
phase as a function of film thickness. The presence of microstructural inhomogeneities
is not necessarily linked 1o the existence of a poorly crystallized film. As a result,
well-crystallized, and even well-oriented films can display poor microstructures.

A model was developed 1o approximale the effect thal such local density variations
should have on the net electrical properties of an otherwise perfect fiilm. Depending on
the configuration of the embedded porosity, it was demonstrated that microstructural
inhomogeneities can profoundly alter the dielectric constant, coercive field, and
remanent polarization of ferroelectric films. Effects of this type are expecled o be
especially pronounced in vapor-deposited films with columnar or cluster
microstructures and low density sol-gel films. Therefore, optimization of processing
conditions to produce dense, homogeneous microstructures will be critical in the
development of high quality devices.

Due fo the relationship between the film microstructure and the net electrical
properties, any systematic variations in the density with film thickness, like those

associated with columnar growth, will cause changes in the net film properties as a
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function of thickness. This mechanism is expected o be responsible for the majority of
apparent size effects reported in the literature. Consequentlly, in examining the
properlies of ferroelectric films, and especially in considering the variation in
properties with film thickness, it is imperative that some microstructure-sensitive
technique, such as microscopy or spectroscopic ellipsometry, be utilized.

It has also been demonstrated that spectroscopic ellipsometry can track the
evolution of crystallinity and structural inhomogeneity during annealing of as-deposited
MIBERS films. One of the advantages of performing these studies on transparent
materials is that the entire depth of the film can be sampled (and characterized) at once.
in this work, crysiallization of the perovskiie phase was shown to be largely complete
alter half an hour at 550°C for MIBERS films on sapphire substrates. For the prolonged
heating cycles utilized during in-sitv annealing of the ferroelectric films, roughening
of the film surface was coincident with this crystallization, and can probably be
altributed 1o the growth of crystal nuclei. In addition, lower temperature phenomena
like changes in the lead species present could be identified.

it was found that the final microstructures of MIBERS PZT films is dependent on
the details of the annealing process. Thus, while the depth profile of film
inhomogeneities was consistent for films given the same annealing schedule, changes in
the annealing resulted in considerable modification of the final density distribution.
Even films annealed at the same peak temperature, but which were exposed to
intermediate temperatures for different lengtiis of time displayed this type of behavior.
Consequently, while the final film microstructure will be influenced by the as-deposited
state, it will not necessarily be controlled only by the deposition paramelers.

This has several important consequences in {erms of processing ferroelectric
films for device applications. First, the post-deposilion annealing schedule can be as
important as the deposition conditions in controlling the film microstructure, and thus

the film properties. Second, evaluation of annealing schedules should be conducted in
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light of structural information for the film (i.e. from microscopy or spectroscopic
ellipsometry) in addition to X-ray diffraction information. Third, as the net electrical
properlies depend on the inhomogeneities present in the film, some limited property
tuning may be possible given proper control of the annealing process. In particular,
porosity profiles could be tailored to permit control or grading of the film properties
(i.e. struciural or optical) through the thickness. One area in ceramic materials in
which this type of control might be interesting is in the preparation of functionally

gradient materials or in ceramic membranes.
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Fig. 1: X-ray diffraction patierns of the PZT films on (a) (1?02) sapphire and

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

(b) Pt-coated Si. Films were annealed at 650°C for 2 hours.
Schematic of the rotating analyzer ellipsometer ulilized in this work.

Comparison of uncorrected and corrected SE data for vitreous silica.

: Electrical resistance furnace and sample mount (a) Side view. (b) Top view of

the baseplate and sample holder. The entire baseplate can be transiated along y
and rotated about z to permit alignment of the sample at any temperalure.
Rotation of the sample about the x axis was performed with the worm gear and
screw shown in the figure. This could also be adjusted at any temperature.

Fit to the film on {0001) sapphire.

Comparison between the refractive index of PZT films and PLZT ceramics. (Note:
Thacher has demonstrated that the refractive index of PLZT ceramics is largely
controlted by the Zr/Ti ratio [22]. Consequently, the film refractive indices

should fall between those for the 2/65/35 and 16/40/60 PLZT ceramics).

: Depth profile of the inhomogeneities in films deposited on (a) Pt-coated silicon

and (b) (0001) sapphire.

: SE data for the in-situ annealing of a film on sapphire.

: Annealing of a film showing a decrease in the high energy damping at 500°C. The

lower temperature data was very close to that shown for 450°C.

10: Best fit models for intermediate temperature anneals of an as-deposited film on

11:

sapphire. Note that the refractive index of the "a-PZT" changed with annealing
temperalure as shown in Fig. 12.

Evolution of microstructure with temperature during high temperature in-situ
annealing of an as-deposited film on sapphire. Note that the refractive index of

the "PZT" material in the film changed continuously during these anneals as

-
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shown in Fig. 12. These changes are probably associated with the crvsiallization
of the perovskite phase.

12: Refraclive index of an as-deposited film on sapphire as a function of annealing
temperature.

13: Reaction scheme for the in-situ annealing of a PZT film on sapphire {Note that
as a pyrochlore phase could not be identified from the SE data alone, it is not
shown on the reaction scheme. M is possible, however, that pyrochlore phase
formation is concurrent with the removal of the lossy lead oxide phase).

14: Final microstructures of films on sapphire annealed at 650°C (a) with and (b)
without extended annealing at lower temperatures. The annealing profile shown
for (b) is simplified.

15: Geometry used for modelling the effect of inhomogeneities on the electrical
properties of an inhomogeneous ferroelectric film. (a) A two-dimensional
representation of columnar growth subdivided vertically. (b) One element of
the above structure.

16: The effects of a 60 nm thick low density layer near the substrate on the
electrical properties of PZT thin films. (a) Variation in the hysteresis loop with
the total film thickness. (b) Variation of the dielectric constant anu the coercive

field with film thickness. Limiting values are € = 1300 and E¢ = 40 kV/cm for a

homogeneous fine-grained film on a Pt-coated Si substrate.
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Table 1. Best-fit parameters for the modeliing of films annealed at 650°C for 2 hours.

Air
A .
ty fy (Au’)1
t2
“PZT + Air ta  fy (AN,
B Substrate
fv(Air)y ty (nm) t2 (nm) fv(Air)s ta (nm)
PZT on 0.07 + 0.02 183 = 5.2 478.5 £+ 88 0.08 £ 0.01 83.9 + 3.8
(0001)
Sapphire
PzZTon }------  -----.. 548.1 + 6.6 0.08 + 0.01 624 + 4.7
(1102)
Sapphire
PZTon t------  ----- 580.3 £ 2.7 0.12 + 0.01 53.8 + 1.3
(1102)
Sapphire
PZT on Pt- 0.21 + 0.03 109.2 + 26 5575 + 188 ----- = --...
coated Silicon
PZT on Pt- 0.15 + 0.02 107.7 + 3.9 522.0 + 259 0.14 + 0.06 56.3 + 185

coated Silicon
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v (PbO) =0.26 £ 0.03

f
t=6627+38nm 4000 C

Air

t=33.7+26nm

t=615.1+58 nm 450° C
a-PZT '+ PbO fy (PbO) = 0.14 + 0.01

Sapphire

t=6026 £+ 19.4 nm
500° C

Sapphire




550° C Air
PZT!+ Air €

1!

823 £ 3.4 nm {_ (Air) = 0.06 £ 0.01

492.1 £ 3.6 nm

600°C Air

© PZT + Air

—
]

—
|

—
il

650°C
Air
PZT + Air ot

—
]

—
it

—
n

Sapphire

80.8 + 2.3 nm f, (Air)

458.9 + 8.8 nm

723 £ 0.4 nm

178.6 £ 1.9 nm
576 £+ 1.5 nm

323.7 £ 5.4 nm

= 47.7 + 2.8 nm t, (Air)

f, (Air)
f, (Air)
f, (Air)

0.26 + 0.01
0.08  0.01

0.56 + 0.01

0.15 + 0.01
0.07 £ 0.01




30 T T [

28k ---450C -

Refractive
Index 2.6

2 O ] 1 L

400 500 600 700 800
Wavelength (nm)




ARG R Ganotan S g g iag 2 ¢ TR SO N < S A

o AT Vi e o o, o 00 et g

SRS AV R LR L S R A ARG DAL 5 SR

81MSA0IBd O UuOnEZ!BISAID

I R

aseyd apxo
pes| Asso| jo |eaowsay

| m aoeung jo Buwaybnoy

100°C 200°C 300°C 400°C 500°C 600°C

0°C




(0001) Sapphire

Air
PZT + Air

PZT +,..>,.« |

- PZT + Air

t=183 152 nm
t, {Airn) =

0.07 1 0.02

t=47851 98 nm

t = 83.9 £+ 3.8nm

tv (Air) = 0.08 £ 0.01
(a)
t=723104nmm
* (Air) = 0.44 % 0.01
~ 1786 £ 1.9 nm
fy (Air) = 0.15 £ 0.01
t=576+15nmm
fv (Air) = 0.07 £ 0.01
= 323.7 £ 5.4 nm

(b)

o
~ | 650°C 2hrs
[e)}
5
©
o
[o%
E
Q
T
0 10
Time (hrs)
w\w 650°C
[V]
5
&
Q
Q
E
[¢]
T
i 1 1 L 1 1 by L
0 10
Time (hrs)




(b)




Coercive Field (kVicm)

Spontaneous Polarization
{Arbitrary Units)

S ! Film Thickness )
:60'00A .I
25 - ——4000A
——2000A
0 b
-2.5 [
_5 | i N i 1
-10 -5 0 5 10
Coercive Field 'Ec‘o)
300 1000
4 900
250
— ~ 8002
200 - {7002
o
150 F -1 6005
4 5002
100
-4 400
50 I.:;!.,Ax,ﬁ——g_aoo
0 400 800 1200 1600

Film Thickness (nm)

(a)

(b)




